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There is a sort of mythology that grows up about
what happened, which is di↵erent from what re-




Stress in electrochemically deposited (ECD) magnetic films is an important pa-
rameter that can have a critical e↵ect on the performance of MEMS devices such
as microinductors. This is especially the case when thick layers of materials are
required and where it is important to monitor and hence control stress to prevent
cracking and delamination. The reliability of devices, therefore, deeply depends
on process parameters and conditions used in depositing these materials on silicon
wafers.
A MEMS technique for measuring stress spatially around such a wafer has been
developed and used to characterise the materials involved in the fabrication of a
microinductor. This thesis discusses the design and fabrication of test structures,
along with a custom built automatic measurement technique to wafer map the
spatial variation of strain, on any sized wafers. The e↵ect of agitation on the
grain structure of NiFe has been observed to a↵ect strain which were spatially
mapped and correlated with the film composition and thickness. Film uniformity
were also shown to improve in the absence of agitation in the bath.
To further understand the fundamentals of ECD small scale beaker level galvano-
static experiments have been employed to use the same test structures fabricated
on small Si chips. The e↵ects of hydrogen evolution on film stress and e ciency
with the inclusion of boric acid and saccharin, have been discussed. It was con-
cluded that the tensile stress developed in Ni and NiFe films have an inversely
proportional relationship with the plating e ciency.
The characterisation of electrodeposited copper films is also of importance as
copper films are integrated with magnetic materials in the form of windings for
microinductors. The variations in recrystallization and evolution of grains of ECD
copper, is for the first time demonstrated spatially using the test structures. The
iii
e↵ect of additives in bath on film uniformity was investigated and it was observed
that with carrier and additive together the three phases of self annealing were
more pronounced.
Finally the use of these strain test structures have been demonstrated on thick
polymer SU-8 films, which is employed as a structural material in microinductors.
The e↵ect of UV exposure dose on the cross linking properties of SU-8 has also
been studied. It was observed that non-uniformity in the coated film thickness
over the wafer can cause variations in the UV exposure during photolithography
that e↵ects the cross linking of the polymer hence, inducing di↵erent levels of
tensile stress in the material.
This unique methodology has therefore opened up many possibilities and can
be used for characterising newer materials employed in MEMS, fine-tuning the
manufacturing processes to achieve set goals in terms of material properties as well
as uniformity and gaining a better understanding of the influence of processing
conditions on the produced films.
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Chapter 1
Introduction
Integrated circuits (ICs) have penetrated virtually every electronics sector in
the past half century. These consist of discrete circuits all fabricated on one
small substrate, usually silicon and can be composed of millions of transistors
each acting as a switch to manipulate electronic signals. These transistors, when
arranged in a specific sequence, can be used to perform basic calculations and
this has become the basis of what is called a microprocessor (commonly referred
to as a chip). The more transistors in a chip, the more complex calculations it
can perform per second. In a paper published by Moore in 1965, on the state
of the semiconductor industry, he predicted that the number of transistors in an
integrated circuit would double each year [13]. This prediction known as Moore’s
Law was revised in 1975 stating that the number of transistors per chip would
double every 18 months [14]. Being less of a prediction it has now become a goal
for the electronics industry to compact the chip and fit as many transistors as
possible. Since 1971, the number of transistors in a microprocessor has increased
from 2300 (Intel 4001 [15]) to 5 billion in 2012 (Intel Xeon Phi [16]). At the heart of
this tremendous progress in miniaturisation, lies the properties of semiconductor
materials such as silicon [17] and advance fabrication techniques of materials that
are either grown or deposited to form the transistors.
Currently for many applications, ICs are dependent upon sensors to provide
input from the surrounding environment. Attention in this area was first focused
on microsensor development with the invention of silicon pressure sensors in
1954 [18]. Now, micro-sized machines such as accelerometers and gyroscopes are
1
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being fabricated by selectively etching the silicon substrate in order to leave
behind the desired mechanical element of the device [19] [20]. Being able to
use the same technology as IC fabrication, these microsensors and structures
have found increased commercial use and are now commonly known as ”micro-
electro-mechanical systems”or MEMS [21]. The term ’micro’ is used because their
dimensions typically vary in the micron scale (from 1 micron to a few hundred
microns).
Conventionally, MEMS sensors have often been built separately and packaged
alongside the IC on a substrate (e.g. ceramic) a schematic of which is shown
in Figure 1.1(a). In this case, the electrical interconnection between the two
chips is carried out through wire bonds. This configuration is called the hybrid
approach. A few disadvantages of this setup is the increased size of the package,
higher costs for the assembly and performance limiting parasitics arising from
the bond pads and long bonding wires [22]. However, an alternative approach
is to integrate MEMS with the IC chip by fabricating both on the same silicon
substrate (Figure 1.1(b)). This integration technique has gained a lot of interest
Figure 1.1: Schematic of the MEMS/IC integration (a) Hybrid (b) integrated
approach.
in the semiconductor industry as it has shown to improve the performance of
micromechanical devices as well as the cost of manufacturing by combining the
micromechanical devices with an electronic sub-system in the same manufacturing
and packaging process [23].
The demand for ’on chip’ magnetic actuators, sensors and passive devices such
as inductors has increased drastically in recent years with the mass production of
smartphones and the emergence of wireless power technologies. For such applica-
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tions, the devices need to be small, low powered and low cost. Therefore the inte-
gration of planarised versions of discrete passive devices such as microinductors
has been of great interest [24, 25, 26, 27, 28]. A typical ’microinductor’ requires a
copper coil and magnetic core which have vertical thicknesses ranging from a few
microns to tens of microns, and this can pose a series of integration challenges in
IC technologies. Residual stress is one of the important yield and reliability issue
for MEMS. This typically results from bonding dissimilar materials with di↵erent
thermal expansion coe cients (thermal stress)[29], lattice mismatch in heteroepi-
taxial growth (epitaxial stress) [29][30] and the nucleation and growth process
(intrinsic stress) [30][31][32]. Even though, defects due to stress in deposited films
might not be evident at first, they can lead to stacking faults, cracking, warping
and delamination [32]. An example of a delaminated MEMS structure made out
of nickel which underwent a thermal annealing step is presented in Figure 1.2.
Numerous journal articles have been published showcasing this topic, however,
Figure 1.2: SEM image of a MEMS structure showing the delamination of the
thin film due to the development of high residual stress
the characterisation of these stresses has been problematic. To improve manufac-
turing yields and device reliability, a more comprehensive approach towards the
characterisation of stress in the deposited films of a microinductor is required,
which has been the motivation of this work.
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1.1 Electrochemical Deposition
A schematic representation of a typical planar microinductor is shown in Figure
1.3(a) which showcases the preferred material layers required for its fabrication.
To achieve a high inductance and Q-factor in a microinductor, the use of a thick
Figure 1.3: (a) Schematic representation of a typical planar microinductor with
its cross-section (b)
magnetic core surrounded by a highly conducting metal winding is essential.
Alloys of nickel and iron, particularly Permalloy (Ni80Fe20) are the main can-
didates for the magnetic core due to their high saturation magnetisation and low
coercivity [33]. Copper on the other hand is well established in the silicon industry
for its use as metal interconnects, mainly due to its low resistivity compared
to aluminium [34]. Using a lower resistivity material like copper decreases the
interconnect RC delay, which, in turn, increases the IC speed. For microinductor
applications, permalloy core and copper windings are required to be thick (tens
of microns), therefore electrochemical deposition (ECD) is an obvious candidate
as conventional ’sputtering’ techniques are better suited to much thinner layers.
Firstly, it guarantees a much faster deposition rate and secondly, it can be pat-
terned to any desired shape by plating bottom up through a photoresist mould.
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This immediately eliminates any lift-o↵ or chemical/dry etching process that
would have been employed for patterning a sputtered film. ECD copper is also
being employed for through-silicon-vias (TSV) in the back end of line (BEOL)
process in the IC industry [35]. With these advantages, ECD proves to be an ideal
low cost process for the deposition of copper windings and the NiFe magnetic core,
required for the fabrication of a microinductor.
Besides the above advantages, ECD thick films can result in reliability issues
for MEMS device due to the development of residual stress during deposition.
The presence of high stress levels can lead to defects such as cracking, degraded
magnetic properties, stacking faults, wrapping and film delamination [32]. It
has been reported that stress levels in electroplated NiFe can be controlled by
introducing chemical additives, such as boric acid and saccharin in the bath.
However, the exact purpose of using e.g. boric acid has been controversial since the
very beginning. In a acidic nickel(II) bath, boric acid is widely known for bu↵ering
the pH near the cathodic surface, resulting in an improved cathode quality [36],
but its role as a surface catalyst, complexing agent and hydrogen inhibitor has
also been reported [37, 38, 39, 40]. Conversely, with the presence of iron(II) in
the nickel(II) bath, none of these phenomena of boric acid are observed. Plated
films in this case yield much higher internal stresses [41]. This is known to occur
due to the anomalous codepositon of NiFe, as the less noble metal Fe deposits
preferentially to the more noble metal Ni [42]. A noble metal, when comparing two
metals in an electrochemical system, is the one with a higher reduction potential
(E ) compared to the other. In this case E  for (Ni2+(aq) + 2e  ! Ni(s)) =
-0.26 V and (Fe2+(aq) + 2e  ! Fe(s)) = -0.44 V versus the standard hydrogen
electrode (SHE) [43], so nickel is more noble than iron. The hypothesis on the
exact role of boric acid because of this anomaly is still contradicting and needs
further clarification. Understanding the mechanism of stress development within
ECD films, induced by plating variations, is of great interest. Therefore, the need
of developing a system, able to fully characterise the spatial variations of stress
in ECD films is required.
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Historically residual stress in thin films, deposited on silicon wafers, has been
measured using the wafer bow method before and after the process. The change
in curvature is directly related to the stress caused by that process, usually
through Stoney’s equation [44]. This formula was derived based on a number
of restrictive assumptions. Two of these are the assumptions of a spatially uni-
form film thickness and a spatially uniform misfit strain; taken together, these
assumptions imply constant curvature and film stress over the entire wafer. In
practice, these conditions are rarely met, and yet the Stoney’s equation is still
the film stress measurement standard. Clearly, improved stress characterisation
methods are required.
1.2 MEMS Test Structures
In the microelectronics industry, electrical tests structures are typically included
in IC designs to enable in-situ measurements of the process yield during the
device fabrication cycle. If the results do not meet specifications, then the wafer
is discarded and not processed any further, thus, avoiding unnecessary expenses.
The data obtained can be used to identify the root cause of the failure and also
to optimise future processes.
To characterise the structural properties of a film, such as residual stress, a
mechanical (MEMS) approach can be considered. A film exhibiting high stress
would be expected to induce strain (deformation) in the structure. Moreover, this
deformation may subsequently move any released parts of the structure, causing
a displacement (strain), which coupled with the elastic modulus can be used to
quantify stress levels in that film. A deeper insight on the existing and ongoing
research on the development of such test structures is given in Chapter 2.
This approach has shown great interest because of two major advantages over the
curvature method. Firstly, the compact size of the MEMS test structure allows
for localised measurements, to ensure process uniformity on wafer level. Secondly,
the design and process can be integrated seamlessly with the microinductor
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manufacturing line. This would allow real time information of stress development
during the di↵erent process phases.
The essence of this unique MEMS approach has led to the development of a novel
system capable of characterising the spatial variations of strain in thin films.
The results obtained have also provided a striking insight on some processes
and material behaviours which can be used as a foundation stone for further
characterisation and ultimately manufacturing microinductors on industrial scale.
1.3 Thesis Plan
This section briefly outlines the contents of the chapters which follow. As this
thesis is a compilation of peer reviewed conference and journal papers published
over the period of 3 years, these have been transformed into individual chapters.
Below is a summary of the contents of each chapter, for ease of reference.
Chapter 2: State of the Art
Literature review of the recent advancement in the ECD of Ni, NiFe and Cu have
been discussed in this chapter, with the main focus on the influence of plating
conditions and additives on the plating e ciency. The MEMS approach used to
quantifying stain in these films has been reviewed which lays the main foundation
of this work.
Chapter 3: MEMS Test Structures and Measurement Techniques
This chapter details the design and use of MEMS pointer arm test structure to
quantify local strain in electrodeposited films. The complete fabrication proce-
dure, along with a unique etching technique for selectively etching the copper
seed layer has also been reported. An automated measurement system, designed
to extract spatial strain around a 200 mm wafer, was built in-house, and its
complete working is discussed. This system was then employed to map strain on
a test Ni plated wafer and results have been reported.
Chapter 4: Chip Level Metal ECD Studies of NiFe
The e↵ect of plating conditions such as bath composition, plating currents and
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additives on plating e ciency and strain have been examined on chip level (small
scale) which led to the optimum bath design for full wafer fabrication.
Chapter 5: Wafer-level Strain Measurements and Correlations with
other Properties of NiFe Films
Variations in process parameters like annealing on the spatial variation of strain
have been reported. These results were also correlated with alloy film composition,
thickness, sheet resistance and structural properties of the grains to acquire more
understanding on the development of stress in NiFe.
Chapter 6: Recrystallization Studies of Electrodeposited Copper Films
Correlation of optical and electrical test structures for the characterisation of cop-
per recrystallisation at room temperature were investigated. Plating parameters
such as current density, thickness and bath additive/carrier concentrations, were
reported to influence the self-annealing of copper and these have been analysed
and presented in this chapter.
Chapter 7: Fabrication and Measurement of Test Structures to Monitor
Stress in SU-8 Films
SU-8 material is a negative tone epoxy-based photoresist that has previously been
used in the fabrication of microinductors usually as a structural material. This
chapter investigates the wafer level changes in stress arising from the variations
in the process parameters such as hard bake step and exposure dose.
Chapter 8: Conclusions and Future Work
This chapter summarises the results reported in the previous chapters and dis-
cusses the obtained achievements and the impact of the presented research, as
well as directions for future work.
Appendix:
Comprehensive summaries of the experimental theory, fabrication run-sheets,
LabView VIs, copper bath analysis procedures and re-prints of published journal
and conference papers can be found in the appendices.
Chapter 2
State of the Art
2.1 Introduction
The key focus of this work is the characterisation of materials towards the develop-
ment of a MEMS microinductor. The three materials, potentially required for the
fabrication of a microinductor on silicon are copper (conducting coils), permalloy
(NiFe magnetic core) and SU-8 (insulating mold between coil and magnetic core).
All these materials are known to induce high residual stress when deposited on
a di↵erent substrate (silicon). The wafer-level spatial characterisation of stress is
of great importance as it can be a factor dictating the non-uniformity in device
performance, yield losses and poor reliability. However, stress levels can be lowered
by precisely controlling the deposition parameters and conditions related to each
of these materials. ECD technology of copper and permalloy is well established,
but little work has been published towards characterising local stress on wafer
level for these materials.
Therefore, this chapter has been designed to provide a literature review of recent
advances in the ECD of copper and NiFe, and the issues involved, some of which
could be responsible towards the development of stress in films. This is followed by
a review of stress measurement techniques formerly employed for characterising
stress. Finally, the MEMS approach, has been evaluated, which led to the design
and development of a novel spatial strain measurement system which was later
used in this work.
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2.2 Electrodeposition of Copper
2.2.1 Advantages
Copper is the most common metal electrodeposited in the microelectronics in-
dustry for the past two decades [45]. The main advantage of copper is its high
electrical and thermal conductivity as a metal which can be electrodeposited with
a high rate resulting in an excellent coverage over most metal surfaces [45][46][47].
Copper can be patterned easily by electroplating it ’bottom-up’ through photore-
sist moulds, which has proved to be a very cost e↵ective and fast process. This
technique can therefore, be used to pattern minute features essential for microelec-
tronic applications. In the semiconductor industry the use of ECD copper in the
interconnect technology was hailed as a major breakthrough by IBM in 1997 when
the process termed damascene copper electroplating was first introduced [48].
This process met the challenges of filling trenches and vias with copper without
creating a void or seam. Under proper conditions, ECD inside trenches (vias)
occurs preferentially in the bottom, leading to void-free deposits, a phenomenon
known as superfilling. Since then, copper has successfully replaced aluminium,
previously employed for (BEOL) back end of line via filling using a sputtering
technique which is much slower, complex and costly than ECD [49]. Another
major advantage of copper is that it has 100 times more resistance to electromi-
gration failures than aluminium. Electromigration is a phenomenon which causes
transport of the conductor material as a result of high current densities, which
can ultimately lead to voids in the conductor [50]. As TSV filling using copper
ECD is well established and integrated in IC technology, it has been chosen to be
suitable for microinductor coils.
There are numerous bath chemistries being used which are dependent upon
applications, therefore, a review of some common baths have been presented in
the following section.
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2.2.2 Copper plating from acidic copper(II)sulfate
In the semiconductor industry, acid chloride, sulfate and fluoroborate solutions
are most commonly used. The acidic medium is employed because of low chem-
ical costs and low power required for electrodeposition [51]. Copper(II)sulfate
(CuSO4.5H2O) and sulphuric acid (H2SO4) are the main constituents of the
sulfate solutions. The copper salt dissolves in aqueous solution as:
CuSO4(s)  ! Cu2+(aq) + SO2 4 (aq) (2.1)
At the cathode surface either H2O or Cu(II) could undergo reduction depending
on the reduction potential ( E /V vs. SHE):
Cu2+(aq) + 2 e–  ! Cu(s) +0.32 V [52]
2H3O
+(ag) + 2 e–  ! 2H2O(l) + H2(g) 0.00 V [52]
Since the standard reduction potential of copper is more positive it will readily
undergo reduction at cathode. Similarly, either H2O or SO
2 
4 could undergo
oxidation at anode. The final redox reaction can therefore be written as:
2Cu2+(aq) + 4 e–  ! 2Cu(s) Cathode (ECD)
2H2O  ! O2 + 4H+ + 4 e– Anode
The cathode and anode reactions balance each other in order to maintain electrical
neutrality in the solution. To avoid an overall depletion of copper in the plating
solution the use a solid copper anode is made, in which case the cell reactions
will be as follows:
Cu2+(aq) + 2 e–  ! Cu(s) Cathode (ECD)
Cu(s)  ! Cu2+(aq) + 2 e– Anode
Taft et al. investigated the film properties from a pure copper(II)sulfate bath and
observed a spongy or coarse deposition of copper at low plating current densities
which is undesirable due to its poor adhesion with the substrate [53][54]. However,
in the presence of free acid (H2SO4) the conductivity of solution improved which
lead to greater film uniformity, smooth deposits (finer grains) and higher plating
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rates [55][56]. Higher concentrations of copper(II)sulfate also increased the con-
ductivity of the bath [57]. Cathode polarisation was observed to improve slightly
at copper(II)sulfate concentrations above 1 M (250 g/l) [58]. However, increasing
the sulphuric acid concentration (>220 g/l) while decreasing the copper(II)sulfate
to (50 g/l) drastically increased the throwing power of the solution [59].
The crystalline morphology of copper has been reported to be modified by chang-
ing the sulphuric acid concentration. The grain size did not show any change
with copper(II)sulfate, but finer grains were deposited with increasing sulphuric
acid to 72 g/l [60]. This was caused by the increase in surface overpotential
which introduced three dimensional nucleation, upon which copper grew. X-ray
di↵raction patterns confirmed this e↵ect which is represented by Fukunaka et al.
[61].
2.2.3 E↵ect of chloride in copper baths
In modern ECD sulfate baths the inclusion of chloride ion (Cl ) produces bright,
high throw [62] and clear deposits in high current density areas of the film [63].
The main source of Cl  is hydrochloric acid, as its inclusion in the already highly
acidic bath would have no disadvantage. In an extensive study by Kao et al. in
2005, it was reported that when Cl  was below 30 parts per million (ppm) the
deposits were dull, striped and non-uniform. Above 120 ppm, deposits were found
to be coarse grained and dull again and the anode polarised causing the plating
to stop [64][65]. However, chloride ions concentrations between 40-150 mg/l have
shown to produce films with near zero stress, increase the micro-hardness and
also increase on the throwing power of the bath [66][67][62]. Therefore, a small
amount of chloride is known to improve film quality by promoting the binding of
surfactants (discussed in the next section) such as polyethylene glycol (PEG) to
the cathode surface [68], which results in a more uniformly plated film. However,
excess chloride ions should be avoided as it reduces to insoluble copper chloride
at the anode surface, causing passivation and slowing down the plating process
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[69]. A summary of the di↵erent acid copper(II)sulfate bath formulations with
conventional and high throw characteristics are presented in Table 2.1.
Table 2.1: Formulations of Acid Copper Solutions
Bath contents Conventional Solutions High-Throw
Solutions
CuSO4.5H2O (aq), g/L 200-250 60-100
H2SO4 (aq), g/L 45-90 180-270
Chloride, mg L 1 - 50-100
Temperature,  C 20-27 20-27
Current density, mAcm 2 15-20 25-100
2.2.4 E↵ect of additive and carrier
Additives are additional compounds, frequently employed in the semiconductor
industry baths, to optimise the copper plating processes such as for TSVs. A
list of additives, covered in patents granted in recent years, have been reported
elsewhere [70]. Commercially available additives contain three main components:
carriers (suppressors), additives (accelerators) and brighteners. Figure 2.1 shows
schematics summarising their use in ECD. Carriers are typically polymers of PEG
(polyethylene glycol) with molecular weights greater than 2000. These organic
compounds are known to adsorb on the wafer surface and slow down Cu deposition
in the adsorbed areas. Due to this reason they are also known as ’suppressors’.
Moreover, an accelerator competes with the suppressor molecules for adsorption
sites and accelerates Cu deposition in the adsorbed areas. Finally, levellers are
strong secondary plating inhibitors, which typically co-function with brighteners
to reduce copper growth at protrusions and edges.
The smoothing and grain refining tendency of additives has been associated
with the formation of complex ions with copper or of colloids at the cathode
interface. An example of an additive is gelatin or glycine which is known to
form a complex ion with copper and for which ultramicroscope examinations
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Figure 2.1: Schematics showing the e↵ect of (a) additive (b) carrier and
(c) levellers on the plating uniformity and trench filling properties in the
electrodeposition of copper; E↵ect on the plating rates are also shown [1]
revealed its segregation at the cathode [71]. These have also have been reported
to improve mass transfer to localised sites of the metal with lesser electric fields or
feature height. Another example of additives are phenolsulfonic acid and phenol,
when used together in a bath, they have been shown to produced harder and
smoother films [72]. Excess inclusion of grain refiners such as thiourea produced
smooth films but initiate nodulation which is associated with a large increase in
overpotential of greater than 100 mV [73]. It can be seen that the choice and
benefits of additives have been abundant and this has also led to proprietary and
commercially available additive compounds, the chemical details of which are still
undisclosed.
The e↵ect of PEG and a carrier and 3-N,N-dimethylaminodithiocarbamoyl-1-
propanesulfonic acid (DPS) as an accelerator (additive) on the residual stress
of approx. 10 µm ECD copper has been recently studied by Kim et al. and
Kobayashi et al. [74] [75]. They show that when added in the bath with PEG,
DPS more e↵ectively increased copper plating rates which Kim speculated as the
displacement of PEG in PEG-Cl  complex by DPS. The tensile residual stress
has been shown to increase with PEG concentration while the compressive stress
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increases monotonically with DPS. Residual stress is thought to originate from
the entrapped impurities. Films were seen to relax with time, releasing stresses,
with the outdi↵usion of entrapped hydrogen in PEG and the incorporation of
entrapped sulphur in DPS. They concluded that their importance in the baths
were mutually dependent and the process window to obtain optimum films was
narrow. Slight changes in concentrations of additive and carriers can therefore,
e↵ect the structural properties of the deposits and produce films with defects.
This complex topic is however, of great interest, and is in need of an accurate
method to characterise stress in ECD copper, which can then be used towards
understanding the importance of these compounds in plating baths.
2.3 Electrodeposition of Nickel
Many nickel plating bath recipes have been employed successfully over the past
few decades. Chlorides and sulphates of nickel have been the main provider of
nickel dissolved in water. Philip and Nicol [76] conducted tests on the electrode-
position of nickel from a chloride solution containing 1 M NiCl2, 0.1 M HCl, 53 °C
and 22.5 mAcm 2 and obtained a current e ciency of 94.3 %. They believed the
presence of chloride ions played a catalytic role in nickel reduction, reducing the
overpotential of nickel deposition without any simultaneous hydrogen evolution at
the cathode. Finkelstein et al. [77] confirmed that a high current e ciency of nickel
deposit can be obtained from chloride baths. It was also deduced that an improved
nickel deposit can be achieved at higher nickel and chloride concentrations (1.5-3
M) and higher temperature (40 - 60  C).
Internal stress has always been an issue with nickel deposits and Fujimori et al
[78] pointed this out as a disadvantage for using a chloride bath. The addition
of sulphate in the electrolyte produced films with lower internal stress but the
mechanism remained unknown. The magnitude of stress increased with chloride
concentration. Therefore, although high chloride concentration lowers the cell
voltage due to the increase in the electrolyte conductivity, a compromised chloride
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concentration must be chosen. It was also reported that the deposit stress became
less severe as the temperature and pH rose. They attributed this to the generation
of hydrogen at the cathode (which reduces the current e ciency), followed by its
dissolution into the nickel film. Another hypothesis of internal stress inside the
cathode deposit was the specific adsorption of chloride ions on the cathode surface
and the occlusion of electrolyte at its surface [78].
To control the pH of the solution during ECD, boric acid has been found to be
the most e↵ective and has been used widely in the nickel electrodeposition. The
purpose of using boric acid has been sketchy and controversial. It is widely known
for bu↵ering the pH near the cathodic surface resulting in an improved cathode
quality [36], but its role as a surface catalyst has been questioned. The pKa of
boric acid (B(OH)3) is around 9.2 [79][80] and nickel baths operate at pH of
around 3. As pH<pKa the source of H+ increases with the presence of boric acid.
To investigate the interaction of boric acid with nickel pH titration were carried
out by Tilak et al [37] in a NiSO4 - Na2SO4 - NaCl at 55 °C. Two experiments
were carried out with varying boric acid (0.1 M to 0.5 M) in a fixed 0.97 M
NiSO4 concentration in one and varying NiSO4 concentration in the other (0.1 to
0.5 M) in fixed 0.3M H3BO3. The bu↵ering capacity of boric acid was observed
to increase with both boric and NiSO4. This e↵ect showed the presence of a weak
nickel-boric complex, Ni(H2BO3)2, with log K ⇡ -12.2 [37], but the pH of the
bath was around 3.5. Besides the question of the reliability of the equilibrium
constants used in the calculations, Tilak et al. did not consider the nickel-chloro
complex and the formation of bisulfate. Although the complex of nickel with boric
acid is likely to exist, the accuracy of the authors’ calculations is questionable.
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2.3.1 E↵ect of Hydrogen Evolution
The plating e ciency relies on the amount of hydrogen evolved at the working
electrode which occurs simultaneously with nickel deposition [42]. This process is
highly dependent on the initial pH and temperature of the solution and because of
this process the hydrogen ion concentration is depleted near the cathode surface.
This raises the pH near the cathode surface higher than the bulk electrolyte.
Therefore, during the electrodepositon process the electrode activity is cathode
surface pH dependent rather than the bulk electrolyte pH. Since the baths used
are normally acidic (the reasons are discussed in latter sections), the reaction can
be written as:
2H3O
+ + 2 e   ! H2 + 2H2O (2.2)
Oxygen may also be dissolved in the solution which can a↵ect the cathode surface
pH:
O2(aq) + 4H
+ + 4 e   ! 2H2O (2.3)
To avoid the cathode surface pH rising during electrodeposition the reduction of
hydrogen ions needs to be reduced. This can be achieved by vigorous agitation
which will bring in the lower bulk pH towards the cathode while thinning the
di↵usion layer. The other resource could be a bu↵er acid like H3BO3 which can
donate protons. Conversely, NiOH+ and Ni4(OH)
4+
4 can act as OH
  (hydroxyl)
consumers and aid in lowering the surface pH. The following equilibrium reactions
are expected to occur which will shift to the right when hydrogen evolution takes
place:
Ni2+ +H2O  ! NiOH+ +H+ (2.4)
4Ni2+ + 4H2O  ! Ni4(OH)
4+
4 (2.5)
Ni2+ + 2H3BO3  ! Ni(H2BO3)2 + 2H
+ (2.6)
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With the continuous increase in pH in the case when the supply of H+ ions is
unable to meet the depletion rate then the reaction (2.5) will proceed to:
Ni2+ + 2H2O  ! Ni(OH)2(s) + 2H
+ (2.7)
A sharp drop in the current density has also been observed when the potential
becomes su ciently negative. This phenomenon is called ’cathode passivation’.
This is believe to be caused by the formation of insoluble nickel hydroxide on
the cathode surface because of hydrogen evolution reaching a limiting condition
[81][82][42][83]. This markedly reduces the nickel depositon e ciency. It is there-
fore thought to be important to use su ciently acidic baths but prevent or at
least lessen hydrogen evolution, otherwise the surface pH rises leading to the
precipitation of insoluble nickel hydroxide. Some devastating physical e↵ects of
hydrogen evolution are metal embrittlement [84], pitting and tensile stress in the
film [85, 86] which can all lead to poor device performance and ultimately failures
[87].
2.3.2 Nickel-Iron Electrodeposition
ECD of 20 % iron and 80 % nickel alloy (permalloy) is of special interest because
it exhibits low coercivity and high magnetisation saturation hence it is ideal
as a magnetic core for the application of microinductor and microswitches [88].
However, slight changes in the film composition can e↵ect the magnetic behaviour
drastically. With increasing Fe percentage up to 20 % by weight the coercivity de-
creases and the permeability increases. For thin film the increase in film thickness
reduces the speed of response to a magnetic field. Surface roughness, Fe %, film
morphology and stress also played a role in the magnetic properties of permalloy
[42][89]. These few physical properties mentioned can be controlled by careful
adjustments to the plating conditions such as current density, convection, tem-
perature, additive, carrier compositions. The most important challenge, however,
is the fundamental understanding of the anomalous codeposition of NiFe, as the
2.4. Residual Stress in Plated Films 19
less noble metal Fe, deposits preferentially to the more noble metal Ni [42]. This
behaviour is abnormal, as nickel would plate at a faster rate in a typical aqueous
solution when electroplated individually. As this phenomenon occurs, to achieve
a Ni80Fe20, a plating bath is usually prepared with 40 times as much nickel as
iron [90][42].
Many explanations were proposed for this anomalous codepositon of NiFe such
as the continuous deposition of the lower work function alloy [91][92] and the
adsorption of species suppressing the deposition of nickel [89], either additives or
monohydroxides (FeOH+ and NiOH+) which act as the charge transferring species
(or the pH of the cathode is not high enough the metal hydroxides Fe(OH)2 and
Ni(OH)2 precipitate [82]). Bertazzoli et al. [93] reported the inhibition of the
early stage nucleation and growth of the noble metal in the presence of the less
noble metal. The additives and electrodeposition conditions also influence both
the magnetic properties and the stress [94][95][96]. Most baths for this purpose
use saccharin as an additive which results in a decrease in grain size and residual
stress [96][97]. The reliability of a device, lies in the optimum properties of a plated
film. In the MEMS industry, accurate characterisation of residual stress in these
film is therefore important to successfully predict the final device performance.
2.4 Residual Stress in Plated Films
In MEMS, high stress can induce delamination and the peeling of thin films.
The global stress variation in the ECD of NiFe thin films with varying bath Fe
composition was investigated by Koo et al. [98]. The stress in pure Ni in his
films was ⇡ 150 MPa which was enhanced with increasing Fe% and reached a
maximum stress of ⇡ 330 MPa at Ni60Fe40. Pure Fe had 250 MPa stress, lower
than when present in the alloy. This interesting trend in the polycrystalline film
could be the e↵ect of either composition or grain size, as both were also seen to
be changing. It is not clear which of these two (or something else) was causing
the change in stress. The correlation of grain size with Fe% was also measured
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by Park et al. in 2006 [99] but without drawing any concrete conclusions. X-Ray
Di↵raction (XRD) measurements showed peak broadening with increasing Fe%
which was taken as a strong evidence that the film was composed of finer grains
or a larger number of grain boundaries.
The control of stress when electroplating permalloy layers was investigated by
Zhang et al. [100]. The results revealed that a low concentration plating solution
(NiCl2 23.5 g/l and FeCl2 1 g/l) helps to lower the internal stress of the deposited
layer, and the stress could be further decreased with an increase of additive
(saccharin) content. All these stress measurements were made using the wafer
curvature technique (Section 2.4.1.1) which gives the overall value of stress in the
wafer but spatially mapped stress measurements have not been made in detail in
the past. The following section is therefore, designed to give a basic background
on the development of stress measurement techniques previously employed. Their
relative advantages and disadvantages have also been discussed.
2.4.1 Stress Measurement Techniques
2.4.1.1 Wafer Curvature
The wafer curvature method is widely used in the silicon industry for measuring
stress in thin films [101]. It is a simple and non-destructive measurement technique
first developed by Stoney in 1909 for electroplated beams and later modified by
Ho↵man in 1966 for plates [44]. In this technique the curvature of a bare wafer is
first measured. This can be performed by either scanning along the diameter of
the wafer with a DekTak or a laser. In the Frontier Semiconductor Measurement,
FSM system, used in this work, the laser is scanned using a rotating mirror and the
laser displacement, ’z’, is measured as a function of position, ’x’, with a precision
photo detector, a schematic representation of which is shown in Figure 2.2[102].
The curvature is then determined by a ’least squares fit’ approximation of  z/ x.
The radius (R1) of curvature of a substrate (thickness ’h’) is determined by R1 =
C / ( z/ x), where C is a constant (C = 2⇥ beam path travel length). The wafer
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Figure 2.2: Schematic representation of wafer curvature
is then removed and the specimen film, of thickness ’t’, is deposited on it. The
stress,  , in the film will exert a bending moment on the wafer and changes the
radius of curvature. The new curvature radius R2 is determined using the same








In Stoney’s equation E1   is the biaxial modulus of the wafer, where   is the
Poissons ratio of the substrate and ’E’ the Young’s modulus of the substrate.
This method can also be used to measure the residual stress in the film on
annealing to elevated temperatures. Although the technique is relatively simple
there are some limitations. Firstly, the films are required to be on one side of the
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wafer whilst the other side, usually polished for reflectivity, is scanned in the FSM.
Secondly, the wafer bending decreases as the square of the wafer thicknesses, so
the sensitivity to changes in stress in thin films decreases with larger wafers with
greater thicknesses. Thirdly, this technique measures the sum of the stress induced
by all films in the case where there are multiple layers. The thermal mismatch
between all films will then have to be considered which adds to the complexity of
analysing results. The wafers once replaced also have to be loaded in exactly the
same position as the measurement system is incapable of rotating wafers in the
chamber. This gives rise to errors as wafers seldom have a perfect symmetry.
A major issue is also that this method can only tell the overall (averaged) stress
of monolayer blanket films on substrates. Spatial variations in stress due to non-
uniform process factors therefore cannot be investigated using wafer curvature.
2.4.1.2 MEMS Stress Structures
Techniques based on the surface analysis of materials, such as those using Ra-
man spectroscopy [103], Fourier transform infrared spectroscopy [104], and X-ray
di↵raction [105], have been investigated as potential spatial stress monitoring
tools but these techniques have only provided moderate success. The spatial
resolution of X-ray for example, is a few microns [106][107] and the line widths
used in semiconductor devices are much smaller. They also require a number of
simplifying assumptions about the texture, microstructure and defect density of
the film, as well as the interaction between the film and the incident light. These
assumptions are seldom accurate enough for quantitative measurement of thin
films [108]. These techniques also require a long sampling time to collect a strong
enough signal for analysis and as a result an established quantitative spatial non-
destructive stress measurement, as a result does not exist.
The production of MEMS stress measurement devices started with the develop-
ment of surface micromachining techniques about 20 years ago [109]. This method
uses the strain (deformation) of the material to quantify stress. These MEMS
sensors are designed to operate by undercutting the structures to free and then to
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deform measurably under the residual stress of the material thereby indicating the
degree of stress. The simplest test structures first employed were double-supported
Figure 2.3: (a) Schematic layout plot of a fixed-fixed beam (b) SEM image o
fan array of polysilicon beams made for characterising strain (beam lengths vary
from 8-600µm) [2] (c) Interferometry measurement to indicate the buckling of
beams [3]. Diamond shaped tensile stress sensors [4]
bridges proposed by Guckel et al. [2, 110] for strain measurements of poly silicon
as shown in Figure 2.3. A schematic representation of a fixed beam is shown in
Figure 2.3(a). Beams of di↵erent lengths were fabricated and a sacrificial layers
underneath etched away to form a suspended structure. These beams bent under
di↵erent stress conditions and the deflection was measured using an interferometer
2.3(c) . The problem with this simple technique was that these structures bent
only if the compressive strain was above the critical Euler value [111]. Therefore a
large number of bridges of di↵erent lengths had to be fabricated for a satisfactory
resolution of strain and this consumed a large amount of wafer space (Figure
2.3(a)). The amplitude of deflection is sensitive to residual stress in the film, and
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where A is the amplitude of the buckling deflection, L is the beam length and t is
the beam thickness 2.3(a). Finite element analysis (FEA) was used to obtain the
value of residual stress using the deflection data from all the beams. Unfortunately,
because of the stress gradient and initial imperfections in the buckling behaviour
of the beams due to uneven etch, there was a 10-20% di↵erence between the
analytical predictions and experimental results.
Guckel showed that if beams are clamped in the shape of a ring, Figure 2.4, then
Figure 2.4: (a) Schematic diagram of the Guckel’s ring (b) A series of Guckel’s
rings fabricated in polysilicon [3, 5, 6]
tensile stress could be converted to measurable compressive stress. The principal
of these structures is such that, after release, the crossbeam gets compressed when
the ring contracts if the structure has tensile stress. The crossbeam would buckle








where t is the thickness of the ring, E is the Young’s modulus of the material,
R is the length of the crossbram and G is a constant determined by the specific
geometry of the ring and the beam structure. This critical stress was calculated
using finite element analysis using the material’s Young’s modulus and this is
discussed in detail by Bounty and Masters et al. [113, 3]. This obviously solves
the issue of quantifying both tensile and compressive stress, but this method also
relies on strain data from a series of rings with di↵erent radii. Therefore the total
area occupied by the micro-rings was 2.9 mm2 and an array of 40 structures were
required to quantify residual stress [3].
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The second type of direct strain measurement system fabricated were the T and
Figure 2.5: T and H-type strain sensors fabricated by Allen in 1987, image taken
from [7]
H-type structures fabricated by Allen et al [7]. The T-type structure was designed
such that upon releasing the T-structure, the residual tensile stress in the film
would bend the stem of the T, which deflects ( ) at small strains as seen in Figure






W (L3/h3  W 2L/h3 +W 3/2h3)) (2.11)
where L1 and W are the length and width of the centre leg respectively and h
is the beam width. In the H-type structure (Figure 2.5(b)) the residual stress
causes an axial shrinkage of the wide part of the beam and a proportionate axial
extension of the narrow neck upon release. The following formula was deduced





where   is the displacement of the structure after release, L1,W1 are the length
and width of the wide beam and L2,W2 are the length and width of the thin
member of the beam. Both these types of structures yielded extremely small
displacements, thereby making accurate measurements di cult.
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These methods demonstrated MEMS techniques for material stress sensing on
wafer but were prone to deflection extraction errors as a result of which scaling
them down for spatial variations measurements were never attempted. The large
uncertainty values of published results also suggested the need for improved
methods.
2.4.1.3 Stress Relief Structures
Figure 2.6: Schmatic plot of a vernier micro strain gages and fabricated device
by Lin et al [8]
It was in 1993 when Lin and Goose et al [8, 115, 116] first devised the idea of stress
relief mechanical devices that measured residual strain using an extension beam
and a vernier scale, as shown in Figure 2.6. The structures were designed so that
when the beam device is freed from an underlying sacrificial layer, the residual
stress in the film is released leading to the deflection of the indicator beam.
Consequently by employing many devices, residual stress can be evaluated at
di↵erent locations on a silicon wafer. A single structure, was shown to be capable
of determining both tensile and compressive stress under an optical microscope.
In this particular case the test beam (Lt) expands or contracts, depending on the
sign of the residual strain in the film, causing the compliant slope beam (length
Ls) to deflect. The indicator beam (length Li ) attached to the deforming beam
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at its point of inflection rotates and the deflection   is read on the vernier scale.










where d is the ratio of the width of the indicator beam over to length of the
slope beam [115]. The length being much larger than the width can be neglected.
This structure turns out to be very useful as by looking at Equation 2.13 it can
be seen that the residual strain can be calculated without the knowledge of film
thickness, which contributed to errors as seen in the other methods. Angled walls
of high aspect ratio photoresists moulds (SU-8, NR2 and SPR-220) were also used
to produce trapezium shaped electroplated beams but this irregularity in cross
section was shown to also contribute negligible variation in measurements [117].
The approach was further modified by Gianchandani and Najafi [118] as shown
Figure 2.7: (a) Schematic of bent-beam strain sensor with vernier scale (b) SEM
showing the deflection in vernier of the sensor fabricated in poly-silicon
in Figure 2.7. These sensitive passive strain sensors utilised a pair of narrow bent
beams with an apex at their mid points. The narrow beams amplify and transform
deformations caused by residual stress into opposing in-plane displacements of
the apics, where vernier scales are positioned to quantify the deformation. Stress
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was calculated using the displacement (strain) and Young’s modulus of the bulk
material taken from literature. It was shown that tensile and compressive residual
stress levels below 10 MPa corresponding to strains below 6 ⇥ 10 5 could be
measured in a 1.5 µm thick layer. The total area of the device was ⇠0.23 mm2.
This achievement was significant as historical strain sensors like the T and H-type
mentioned earlier were ⇠ 4 mm in at least one dimension [7].
Elbrecht et al. [5] fabricated micromachined rotating indicator structures (Figure
Figure 2.8: (a) Fabricated by Elbrecht et al [5] the SEM photograph of a
micromachined indicator structure showing a tensile stress of about 300 MPa
in a 1 um thick poly-silicon film (b) Detailed view of an indicator microstructure
under tensile stress
2.8), in polysilicon, similar to those first presented by Goosen et al. [116]. In this
design the pointer arm is supported by two anchor beams instead of one, which
resulted in twice the sensitivity. Because of the o↵set between the anchor points,
the stress developed in the beams was translated into the rotation of the pointer
arm. These structures were shown to have a linear relationship between in-plane
stress and indicator deflection, providing the bulk materials Young’s modulus
was uniform. The indicator rotation could be determined quite easily by means
of inspection with an optical microscope using a vernier scale at the end of the
indicator [119]. The edges of all joints were also rounded o↵ to avoid cracking as
the stress peaked in those areas. This also minimised processing induced variations
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of the joint characteristics. Finite element analysis was used to deduce the value
of stress, using fixed values of Young’s modulus and Poisson’s ratio. These strain
sensors enabled measurement of stresses up to 600 MPa along with the smallest
detectable stress variation (1.5 MPa) [5].
Xin Zing et al. introduced a simpler version of micro-rotating stress sensors, a
Figure 2.9: Schematic illustrations of the micro-rotating-structures by X.Zhang
[9] (a) overall view (b) enlarged pointer tip (c) Photograph of the micro-rotating
structures after releasing of the residual tensile stress in thin film
schematic of which is shown in Figure 2.9(a). Figure 2.9(b) shows the magnified
deflection of the beam. As can be seen, the fixed beams, when detached from the
underlying sacrificial layer, are free to extend or contract as a result of the released
compressive or tensile stress. Necks (notches) were designed herein to narrow the
connection between the rotating beam and the fixed beams and thus enhance
the sensitivity of the structure. The two fixed beams are connected o↵-center
to the opposite sides of the rotating beam. Thus, the displacement of the fixed
beams due to the released residual stress leads to the deflection of the rotating
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beam. To improve the performance of the structural design finite element analysis
(FEA) was performed keeping the Poisson’s ratio and Young’s modulus constant.
It was deduced, according to linear elasticity, that the residual displacement and
hence the deflection was directly proportional to the residual strain. A formula





where E is the Young’s modulus,   is the deflection of the rotating arm and the





where Lr is the rotating beam length, Lf is the fixed beam length and Lr0 , Lf0 are
the initial values of the beam lengths. The experimental results indicated that the
microrotating structures had the ability to locally measure a large range of tensile
or compressive residual stress in thin films with high sensitivities. In particular,
when the magnitude of the residual stress was small, the micro-rotating structures
could still measure it with a high accuracy of ±1 MPa [120, 9].
These techniques have many advantages over the wafer curvature method. Lo-
calised measurements can be performed on a wafer, using multiple beam systems,
because of their small size. This can be employed to obtain useful spatial infor-
mation about any abnormalities in the deposition process. MEMS strain sensors
are also compatible with familiar CMOS technology, enabling measurements in
real time during the wafer fabrication process cycle. Another major advantage,
compared to the wafer curvature method was that, the relationship between the
substrate thickness and stress can also be neglected. This means that devices
can be designed to measure small changes in stress and elasticity without the
information of any underlying layers, even if the specimen film is very thin (⇡
1 µm). These films could be either sputtered, evaporated, electrodeposited or
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spin coated. Also the fact that beam theory in MEMS is well defined ensures
micomechanical pointer arms could be used to quantify strain and ultimately
stress. This technique is therefore adopted in this thesis and discussed in Chapter
3.
2.5 Electrical Test Structures
2.5.1 Greek Cross Structures
The Greek Cross has been widely used as a test structure to measure the sheet
resistance of thin films [121, 122, 123]. A schematic of this structure is shown in
figure 2.10. The beauty of its design lies in the fact that the measurement is taken
at the heart of the cross, which measures the resistance of a very small amount of
material. This may carry information about the size and distribution of grains in
that region[124]. Another attraction is that the resistivity does not depend upon
the dimensions. Structure to structure variability has also been observed in Greek
Crosses with narrow arms [125]. To keep the sheet resistance error less than 1 %
the length of the arm (L) has to be greater than or equal to twice the arm width
(W) [121, 126, 127]. It would be simpler to extract the sheet resistance from a
Figure 2.10: Layout of Greek cross sheet resistance test structure
single measurement, however in practice four measurements are required. Two
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where the current (IAB) is applied between A to B and the potential drop (V) is











The next two measurements both forward and reverse arrangements are at“ninety
degree” (90°) orientation. In that the current flows from pads A to C and the









The mean of these resistances gives R90, which is then averaged with R0 from
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Any asymmetry in the structure is accounted for by the correction factor (f)






















More details on the e↵ects of ’f’ are given in reference [122]. In this work (FA),





It was concluded that when |FA|  10.74%, the correction factor can be approx-
imated to unity. In this case, by using the four points measurement routines the





All sheet resistance measurements made in this study had calculated asymmetry
factors of below 10.74%, therefore no asymmetry correction had to be made.
It was also important to consider the voltage o↵sets in the test system which can
be highlighted from the measurements at forward and reverse currents at each
orientation. If the zero-o↵set factor (F0), calculated below, has a small value the




To have a closer look at the heart of the Greek cross where the actual resistance
measurement is taking place, the simulation and visualization software, COMSOL
(Multiphysics 3.5a) was used. The electric currents module was employed on a
Greek cross with dimension of L = 30 µm and W = 5 µm. A current of 0.1 A was
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(a) Equipotential contour in Greek-
cross
(b) Contours of current density for a
Greek cross structure
Figure 2.11: Shows a COMSOL simulation of resistance measurement at the
corner of a Greek-cross test structure, with current flowing from pads A to B and
voltage measured between pads C and D
forced through the pads (A and B) and potential di↵erence calculated between
the opposite pads (C and D). The geometry of the cross is symmetrical along
the dashed line which creates regions of equal potential, which are plotted as
contours and shown in Figure 2.11(a). These potentials measured are the pads
C and D should be the same as the small region at the inner corner of the cross
between terminals A and B. The fact that Greek crosses can be used to measure
sheet resistance at this small area might be useful in extracting information
on individual grains or small grain populations of electrodeposited conducting
films. Any non-uniformity in plating in those regions will be reflected in the
resistivity measurements. The e↵ect of di↵erent grain structures on a number of
di↵erent cross geometries has been presented in reference [124]. It was deduced
that variability of the sheet resistance increases with the cross size and the
measurement region, as the probability of having a larger number of di↵erent
grain orientations and boundaries will increase. This e↵ect is also observed in
the rounded corner Greek cross [121] where the voltage contours are closer over
a larger area as illustrated in Figure 2.12. This would therefore provide the
resistance averaged over a larger number of grains. It is also important to note
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that fabrication processes such as wet etch removal of seed layers can attack the
conducting metal layer and cause the edges to be rounded o↵ in which case the
results will vary from the expected ideal Greek cross structure.
A further issue with these structures is current crowding which can occur in the
(a) Volage contour (b) Current density contour
Figure 2.12: COMSOL simulation with the same currents as in Figure 2.11 but
the Greek-cross edges have been rounded
internal corner between the forced terminals of a small Greek cross. The scalar
values of current at each node in a simulated structure can be plotted as contours
in the same way as the potential. The current density is highest where the voltage
contours are closest together as can be seen for both a Greek and a round cross
structure in Figure 2.11.
In both structures the highest currents are observed at the internal corners
between the forced terminals. If the current density in these areas becomes high
enough this can a↵ect the measurement especially in a Greek cross where the
voltage is actually being measured in this area of maximum current. High currents
in narrow armed crosses can also lead to Joule heating which will change the re-
sistance of the conducting film [128, 129]. Reference [130] presents results showing
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that there is an optimum value of current which gives the highest measurement
repeatability. If it is too low, the resolution of the voltmeter will limit the accuracy
whereas too high a current will tend to cause the e↵ects which have been discussed
above. Therefore it is important that the correct test structure and measurement
strategy are determined for each application or process.
2.5.2 Kelvin Bridge Resistance Measurement (Linewidth)
Linewidth and resistance measurements are essential for the characterisation and
control of the ECD copper windings, whose electrical properties are essential
for defining the inductor’s Q-Factor. However these become increasingly di cult
as device dimensions reduce and hence the relevance of obtaining accurate CD
measurements becomes important. The main methods for measuring linewidth
are optical, scanning electron or probe microscopy and four-point-probe as an
electrical technique. Unfortunately, there is no single metrology that can deliver
all the required information. This section will discuss the use of a cross-bridge
test structure which can be used to extract the sheet resistance, Kelvin resistance
and line width of the conducting layer. The cross-bridge sheet resistor is a combi-
Figure 2.13: Diagram of cross-bridge electrical test structure for sheet resistance
(few grains) and bridge resistance (more bulk material)
nation of a Greek or round cross and a four-terminal bridge resistor [131, 132]. A
schematic diagram of such a structure is shown in Figure 3.10. The electrical width
(Wb) of the bridge section between the voltage terminals B and F is calculated






where Lb is the length of the bridge and Rs is the sheet resistance of the material
which can be extracted from the Greek cross measurements and calculations
shown in section 2.5.1. The value of Wb from equation 2.29 is the average value of
the conductive width of the bridge section. To measure the bridge resistance (Rb)
two measurements are made and the average resistance is calculated. Firstly a
current (ICF ) is forced between terminals C and F and the voltage (VBE) between
















There are two assumptions made in the calculation of the electrical linewidth.
Firstly it is assumed that the sheet resistance is uniform, so the value extracted
at the Greek cross section applies to the whole of the structure. Any error in
the sheet resistance will be directly translated to an error in the calculation of
the linewidth in equation 2.29. Therefore it is necessary that the accuracy of the
sheet resistance measurements is the same or better than that required for the
linewidth measurement. Errors may be introduced by limits in the resolution of
the voltmeter used in the Greek cross measurement or by non-uniformities in the
thickness of the material.
The second assumption is that the length Lb of the bridge section is the designed
length between the centres of the voltage taps. However this is complicated by the
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e↵ect of the taps which e↵ectively widen the bridge and lead to an over-estimation
of the value of linewidth [133, 134]. The tap induced error can be minimised by





The main challenge in the development of a microinductor is the use of low stress
films using e cient and reliable processing technique compatible for its integration
with IC technology. ECD has been chosen for the deposition of the magentic core
(NiFe) and thick Cu windings, but internal stress within these films may develop
due to variations in bath chemistries and other plating conditions and this poses
a big issue for the reliability of the device.
To fully understand the origin of stress, the basic understanding of the ECD of
these films is required and reviewed in this chapter. Present understanding on
the e↵ect of hydrogen evolution in Ni deposition and the anomalous codepositon
of NiFe have also been discussed which can e↵ect non-uniformities (voids) and
hence stress within the film.
Many of the strain/stress characterisation techniques reported in literature have
been reviewed. The advantages of MEMS stress structures over the conventional
wafer curvature technique include its ability to be used for patterned films and
extract not only average but spatial stress across the deposited film.
The following chapter aims to create a complete wafer level MEMS strain mea-
surement system based upon the benefits of the techniques reviewed in this
chapter.
Chapter 3




The spatial variation of material properties such as stress across a wafer is of
great importance in MEMS, as this can be responsible for non-uniform device
performance, yield losses and poor reliability. In extreme cases, it can cause layer
delamination and substrate cracking [98]. Characterisation of stress in thin films
is therefore of widespread interest across global foundries and research groups
[100][135][36]. The wafer curvature technique (section 2.4.1.1) has been widely
used in the semiconductor industry as a standard method for stress measure-
ment. A major issue with this technique is that it can only provide the overall
(averaged) stress of monolayer blanket films on substrates. Spatial variations of
stress in patterned films, due to non-uniform process factors, therefore, cannot be
investigated using wafer curvature.
The aim of this chapter is to develop a reliable spatial strain measurement system
for electroplated films. Based on the knowledge gained from previous published
techniques (section 2.4.1.2), MEMS based pointer arm rotating test structures
have been employed to obtain quantitative and localised strain measurements.
These values can then be used to geographically map the strain over the surface
of the wafer.
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In this chapter, a complete mask design, fabrication procedure and a in-house
built measurement system devised, to successful extract spatial strain across a
200 mm wafer, is presented and the system used to spatially map strain on a test
ECD Ni film.
3.2 Strain Test Structure
The strain sensor used in this work is a MEMS based pointer arm rotating
structure, a schematic diagram of which is shown in Figure 3.1. These structures
Figure 3.1: Schematic of the pointer arm strain sensor
are fabricated in the layer being characterised and consists of three main elements;
two expansion arms anchoring a third pointer arm, with an o↵set in the center. An
underlying layer is etched away to release (detach) the suspended structure, which
releases any residual stress in the expansion arms. As the stress is relieved, any
small deviation in arm length exerts a torque about the centre of the sensor which
causes the pointer arm to rotate. The quantitative optical measure of displacement
of the pointer arm (giving strain ✏) can be used along with finite element analysis
to determine the material’s stress   in a particular region. In the structure shown
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in Figure 3.1, a clockwise rotation indicates tensile stress, while an anticlockwise
rotation indicates compressive stress.
The schematic representation of the bending movement of the rotating arms
experiencing compressive stress, is shown in Figure 3.2. Assuming ideal geometry
Figure 3.2: Schematic representation of the bending movement of the rotating
structure under compressive stress
and rigid beams, the direct relationship between the pointer arm rotation (✓) and







where, L0 is the arm length without stress,  L is the change in length of the
stressed expansion arm and  Y is the arm separation (assuming  Y   arm






where strain (✏ =  L/L0). From this relationship, if the structure geometry is
kept constant and no bending movement of the arm occurs, then, the local strain
can be considered to be directly proportional to the pointer rotation.
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3.3 Design Optimisation
The sensitivity of rotation in these devices relied on the following parameters: the
arm length L, the arm separation ratio  Y , the arm width W and the material’s
elastic properties (Young’s modulus). These have been investigated previously,
using Finite Element Analysis [10][137]. This model used thermal strain to extract
the rotational response of the structure which could be arbitrarily converted into
stress, upon solution using Young’s modulus (E) from the literature.
  = E⇥ ✏ (3.3)
Firstly, the e↵ect of arm separation ratio  Y on the pointer rotation was inves-
tigated, for an arm width W = 8 µm (lithography value). Figure 3.3 presents the
simulated rotations as a function of the ratio of extension arm separation and
arm width ( Y/W) for increasing values of stress, assuming Young’s modulus =
200 GPa for NiFe [138, 139].
Figure 3.3: Simulated pointer rotation as a function of arm separation : width
ratio ( Y/W) for increasing values of stress (0 - 300 MPa), assuming Young’s
modulus = 200 GPa for NiFe [10]
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The range of interest for the residual stress in electroplated NiFe films have been
reported to be less than 300 MPa [100, 33] therefore, these plots were simulated
for stress values between 0 to 300 MPa. A plot reveals a sensitivity area where
the rotations peaks. This occurs for two reasons. Firstly, when  Y/W = 0,
the expansion arms would be aligned and the structure would act as one long
suspended bridge. Any stresses would be translated directly into the buckling
motion in the z-direction, without giving any rotational torque in the x-direction.
Alternatively, at higher  Y/W, the expansion arms would be separated at a
longer distance from the central torque point, thus decreasing the sensitivity of
the hinge. Therefore, an optimum point where the rotation is maximum was
obtained, which depends on the material sti↵ness and geometry of the hinges.
Figure 3.4 shows the extracted values of  Y/W as a function of the input residual
Figure 3.4: Optimum pointer arm rotation geometries as a function of the
input residual stress. This curve was used for the dimensioning of the structures
by identifying a stress range of interest and designing test devices with the
corresponding optimum geometry.
stress. With the range of interest for the residual stress in ECD NiFe films it is
consequently possible to design the structures accordingly with  Y/W ratios
ranging from 1.5 to 2.
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Assuming only a small variation in stress, the optimisation of the structure
dimensions W and L can be considered. Figure 3.5 shows the predicted maximum
pointer rotation as a function of feature width for di↵erent arm lengths using
the fitting stress from Figure 3.3. This demonstrates that the sensor must be
optimised to maximise the sensitivity, as the small variations in geometrical
parameters do not give a su ciently large di↵erence. The feature width is the
most sensitive parameter to increase rotation [10], following a negative power
relationship with stress. However, depending on the process it may be easier to
increase the arm length L, which also increases the rotational sensitivity to stress,
following a power relationship.
Figure 3.5: Simulated pointer rotation as a function of arm separation ratio
( Y/W) for increasing values of feature length (L) [10, 11]
A design variation was also introduced by designing notched expansion arms, as
shown in Figure 3.6(b). The notch has been designed to relieve the sti↵ness of
the joint with the pointer arm and reduce the buckling e↵ect to help avoid any
out of plane (vertical) displacement of the beam.
Figure 3.7 shows the improvement in the response of the devices if notched arms
are used for arm length of 800 µm. The rotation of the pointer arm is enhanced
by about 30% if the arm width is reduced from 8 to 5 µm, at the expense of a
3.4. Test Structure Chip and Mask Layout 45
Figure 3.6: Pointer arm variations showing the di↵erence between normal and
notched structures
higher mechanical fragility and possibility of failure.
Figure 3.7: Simulated rotations with expansion arm notch width anchoring the
pointer arm as shown in Figure 3.6(b)
3.4 Test Structure Chip and Mask Layout
Based on the results described in the previous section, a test mask was designed
that consisted of an array of stress test structures with L = 850 µm, W = 8 µm
and  Y/W = 1.50, 1.75 and 2.00. One of these structures is shown in Figure
3.8 and the test die is shown in Figure 3.9. Each die in the test mask design
has 32 test structures which includes seven structures with  Y/W = 1.50, seven
with  Y/W = 2.00, and fourteen with  Y/W = 1.75. In addition, there are four
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Figure 3.8: Model of the pointer arm strain sensor
Figure 3.9: Chip layout with 32 pointer arm strain sensors of three di↵erent
 Y/W ratios (colour coded) surrounding a matrix of 6⇥3 electrical test structures
in the center
’notched’ structures where the expansion arms narrow to 5 µm where they attach
to the pointer arm (Figure 3.6).
In the centre of the strain structure chip is a matrix of 6×3 identical Greek and
Kelvin bridge resistance test structures for local sheet resistance and linewidth
measurements. This is shown in Figure 3.10 and it worth noting that W for these
test structures is also 8 µm (same as the rotating test structure). The mask layout
of the electrical test structure matrix is presented in Figure 3.11.
The test structure chip was populated on the floorplan for a full 9” photomask,
as shown in Figure 3.12. There are 384 dies giving a total of 12,288 strain test
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Figure 3.10: Diagram of combined cross-bridge electrical test structure for sheet
resistance (few grains) and Kelvin-bridge resistance test structure (bulk material)
Figure 3.11: 6⇥6 matrix of combined Greek-cross and bridge structures chip
structures on the wafer. The mask was intended to be used to pattern these
structures in a single photolithography/patterning step on a 200 mm wafer. After
successful fabrication and release, variation of stress and sheet resistance with
position could then be quantified.
3.4.1 Fabrication and Release Techniques
This section outlines the complete fabrication and release procedure of the strain
test structures fabricated on wafers using a test NiFe ECD film. The basic schematic
of the fabrication process is shown in Figure 3.13. The steps were as follows:
Cleaning: Starting from a bare silicon wafer, the substrate was cleaned using
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Figure 3.12: Shown is a complete 9”mask layout, for 200 mm wafers populated
with the identical test structure chips; the mask designed was designed with a 10
mm edge exclusion
acetone, in an ultrasonic bath, for 10 mins. The wafer was then rinsed with
isopropanol alcohol (IPS) and DI water to dissolve any traces of acetone.
Sacrificial Silicon Dioxide layer: [Figure:3.13(a)] To passivate the silicon for
electrical measurements and also to act as a sacrificial layer for the release of the
strain sensors, silicon dioxide (SiO2) was deposited by plasma enhanced chemical
vapour deposition (PECVD), in a Surface Technology Systems (STS), tool. The
thickness varies with deposition time and for this procedure a 0.7 µm thick oxide
(20 mins deposition) was deposited as the release layer. After deposition, the
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Figure 3.13: (a-f) Schematics of the fabrication procedure for the strain test
structure
oxide thickness was verified using a reflectometer (Nanospec 3000).
Seed ECD layer: [Figure:3.13(b)] A 200 nm layer of sputtered copper was
used as the blanket seed layer, for ECD. To ensure it adhered well to the oxide
underneath, a thin layer (50 nm) titanium was deposited first. To protect the
copper seed from oxidation in air, a 30 nm titanium layer was also resputtered
on top of the copper. The 200 nm copper seed was therefore sandwiched between
the two 30 nm titanium layers.
Photoresist Coating: Hexamethyldisilazane (HMDS) [140] is a common primer
used before spin coating photoresist, that serves as an adhesion promoter. There-
fore, prior to photoresist coat, the wafer was vapour primed in HMDS for 10 mins.
The positive photoresist mould chosen to achieve 8µm thickness was ShipleyTM
MegapositTM SPR220-7 [141] which was spin coated (at 2000 rpm) on to the 200
mm wafer and soft baked on a hotplate at 115 ￿ for 90 seconds.
Edge Bead Removal (EBR) During the spinning of photoresist, there is an
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accumulation of resits at the wafer perimeter. In order to get the best resolution
using contact lithography, it was necessary to have an intimate contact between
the substrate and the photomask. Therefore, a 10 mm photoresist edge was
removed from the perimeter of the wafer, using propylene-glycol-monomethyl-
ether-acetate (PGMEA) on an automated Brewer CEE wafer track system.
Patterning: [Figure:3.13(c)] The 9” mask shown in Figure 3.12 was used to
pattern the 200 mm wafer using a Karl Suss MA / BA8 Mask Aligner with a 50
sec exposure dose (hard-contact). A post exposure bake (PEB) of 115 ￿ for 90
secs was also performed. After baking the wafer was developed using Microposit
MF-26A at room temperature in a beaker. The wafer was finally inspected under
the microscope, and the critical dimension (CD) and resist thickness measured
using a Veeco Dektak 8000 surface profiler. In this case the CD was the 8 µm
pointer arm width.
Electrochemical deposition (ECD): [Figure:3.13(d)] The protective Ti layer
was removed by wet etching in a dilute 1 % HF solution to expose the Cu seed
layer for ECD.
A custom 35 L plating tool was used for ECD, equipped with a DC power supply
and a jet agitation system. The wafer was securely placed in a sealed 200 mm
wafer holder and plated for the designated current/time, as determined by the
target film thickness. Detailed description of bath chemical composition, recipes
and plating conditions are discussed in the proceeding chapters. After ECD the
wafer was rinsed, dried and the photoresist stripped using acetone. The wafer was
inspected again and the plating thickness confirmed using the Dektak.
Seed Layer Etch: [Figure:3.13(e)] To gain access to the sacrificial layer (for
release), the seed layers (Ti-Cu-Ti) stacks have to removed. The titanium seed
layer was first removed by submerging the wafer for 10 secs (or until the titanium
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was visibly etched), in a diluted 1 % HF solution. At such a low concentration
the corrosion of the exposed metals (Cu, NiFe) [142] towards HF was minimised.
The three copper seed etchants commonly used are 20 g/l ammonium persulfate,
Figure 3.14: Microscope images of structures with copper seed layer etched in a
solution containing 20 g/l ammonium persulfate after (a) 60 s (b) 120 s (c) 200 s
5 % HNO3 and HCl/FeCl3 solutions. Conventionally, in industry, ammonium
persulfate has been optimised for use with ECD Ni. However, upon testing with
Figure 3.15: SEM image of NiFe corrosion after etching Cu seed layer
ECD NiFe alloy (Figure 3.14), corrosion of the metal was apparent. An SEM
image of a corroded tests structure is also shown in Figure 3.15 confirming the
chemical attack. This undesired e↵ect was eradicated by developing a unique
selective metal etchant. In contrast, Figure 3.16 shows results from the improved
etchant which consisted of: 20 g/l ammonium persulfate, 50 g/l sodium citrate
and 1 M sodium hydroxide (or ammonium hydroxide) to maintain a high pH
value > 12.
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Observed here are three di↵erent regions of the wafer etched with this new recipe.
Figure 3.16: Microscope images of selectively etched copper seed layer sample in
a solution containing ammonium persulfate + NaOH + sodium citrate for (a-c)
3 mins (d-f) 6 mins
NiFe corrosion was minimised and the seed layer was completely etched. The total
process time to etch 200 nm of copper on a 200 mm wafer was approximately 3
mins. Continuing the etch for another 3 mins started to undercut the pointer arm
test structures, releasing them temporarily as shown in Figure 3.16(d,e,f).
After a successful copper seed etch, the bottom Ti layer was removed with 1 %
HF solution, leaving the sacrificial layer exposed for vapour etch.
To this point the wafer was always processed using an aqueous medium. The test
structures were observed to have been released but were expected to stick down
to the substrate due to a surface force called ’stiction’. This occurs when a liquid
meniscus, formed on hydrophilic surfaces, pulls the microstructure towards the
substrate where they stick indefinitely. However, this problem can be alleviated
by etching the sacrificial layer using a vapour etch technique.
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3.4.1.1 Vapour Etch
To successfully release the structure it was critical to use a highly controllable and
repeatable process which could isotropically etch away the underlying material,
without attacking NiFe. The underlying material employed was silicon dioxide
(SiO2), as mentioned earlier, which acted as a insulating layer for the electrical
measurements and also as a sacrificial layer to release the rotating test structures
[Figure:3.13(f)].
A MEMSSTAR Sentry Platform (vapour HF etcher) was employed for this task,
in which hydrofluoric acid (HF) was used in its vapour phase to etch SiO2. It
has been reported previously, that nickel and its alloys are less prone to corrosion
in the HF vapour [143] therefore, the overall reaction of vapour HF with the
sacrificial layer, SiO2, can be written as [144]:
SiO2(s) + 4HF(g)  ! SiF4(g) + 2H2O(l) (3.4)
The temperature and pressure of the chamber also plays an important role in
governing the kinetics of the reaction [145]. At the beginning of the process, water
vapour is pumped into the chamber at low pressure, which condenses on the oxide
surface, and initiates the etching process. With time, more water is generated,
as seen from the overall reaction 3.4, which further catalyses the reaction and
increases the overall rate [146] (Eq: 3.5 and 3.5).
SiO2(s) + 2H2O(l)  ! Si(OH)4(aq) (3.5)
giving:
Si(OH)4(aq) + 4HF(g)  ! SiF4(g) + 4H2O(l) (3.6)
With large undercut lengths, excess water generated, can cause stiction to the
rotating arms, which has to be avoided. Therefore, the etch rate has to be
monitored at all times, during the process.
In this particular etching tool, a galvanic sensor [147] was used to detect small
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amounts of SiF4 (g), extracted from the etching chamber, which can be used,
reliably, to estimate the etch rate. A typical etch rate curve for etching 0.7 µm
oxide on a 200 mm substrate, is shown in Figure 3.17. The first half of the plot
Figure 3.17: HF vapour etch progress (obtained from MEMSTAR HF etch tool)
showing the removal of field oxide and undercut to release test structures
shows the field oxide being removed, and the second half shows the undercut
and release of the test structures. The vapour pressures were changed numerous
times during the field oxide etch to match the optimum etch rate. This would
however depend on the exposed oxide area (substrate size etc.). A schematic
drawing representing the HF vapour etch mechanism is shown in Figure 3.18.
Arrows indicate the etch direction. During the field oxide etch, 3.18(b), the
undercut would also proceed but the etch would be expected to accelerate inwards
proceeding the complete removal of the field oxide 3.18(c). During the first run,
the wafer was inspected every 5 mins, to confirm release. The total etch time for
a 0.7 µm oxide etch was 45 mins. An SEM image of a fully released 5 µm thick
NiFe strain test structure is shown in Figure 3.19. This same process recipe was
also tested and verified for ECD Ni, later used in this work.
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Figure 3.18: Schematic representation of an isotropic HF vapour etch mechanism
to release a MEMS device showing (a) Before etch process (b) during field oxide
etch and (c) during undercut
(a) (b)
Figure 3.19: ECD NiFe (5µm thick) SEM image of top view (a) and side view
(b) showing the rotation of pointer arm after HF vapour release
3.5 Development of Localised Strain Measure-
ment System
As there were over 12,200 released test structures on each wafer, an automated
system was required, which was quick and could robustly extract the angles of
rotations from all the pointer arms. Therefore, the next section details the working
of an in-house built measurement system, capable of automatically wafer mapping
strain from a 200 mm wafer in less than 30 mins.
The first test wafer fabricated using this design used 5 µm thick electroplated
nickel. The film was deposited, at 20 mAcm 2 DC, on a copper seed layer using an
8 µm thick mould of SPR220-7 photoresist. After plating, the resist was removed
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by rinsing with acetone and the excess seed layer was removed with the wet etch
process, described in Section 3.4.1. The structures were fabricated on 200 mm
silicon substrates coated with a 0.75 µm thick sacrificial layer of thermal SiO2.
The stress structures were released from the substrate by the dry HF vapour etch
step detailed in Section 3.4.1.1. After release the stress structures were free to
rotate, but there was little or no deflection of the pointer arms on any structures
which indicated a low level of stress in the as-deposited Ni film.
Subsequent processing and packaging typically involves multiple heating steps,
for example to cure photoresist, glues used in packaging and soldering during
assembly. To assess the e↵ects of such heat treatment, the wafer was heated to 150
 C for 10 minutes on a hot plate. Figure 3.20 shows a released test structure before
and after this heat treatment. After this heat cycle all of the structures showed
a clockwise rotation indicating the development of tensile stress in the nickel
film. This interesting observation was on eye level but to fully characterise spatial
Figure 3.20: Optical microscope images of the pointer arm tip of stress sensors
(a) before and (b) after heating to 150  C for 10 minutes, taken from the center
of the wafer
strain on an automated measurement system was developed with the capability
to exact pointer rotation from the 12,228 structures on the wafer.
The following section explains the working of this system which was used to fully
scan this wafer, results of which are discussed later in this chapter.
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3.6 The Measurement System
The measurement system, which was developed consists of three major compo-
nents; a camera, which captures the image of the stress test structure, a prober
which scans the camera over the wafer and a computer, which analyses the
image and determine the angle of rotation. Figure 3.21 shows photographs of the
hardware and the following sections detail and discuss the system requirements
!
Figure 3.21: The measurement system consisting of a semi- automatic prober
to scan the test structures and a PC running Labview, which controls both the
prober and camera
and the development of the system created in Labview 8.6 to perform these
functions. Figure 3.22 shows the measurement flow for the system.
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Figure 3.22: Measurement flow of the characterisation system
3.6.1 System Requirements
The requirements for the automated stress structure measurement system were
that it should provide:
• Rapid and accurate measurements
• Deliver a robust measurement even when broken structures are present.
• Be simple to use and require minimal set-up.
The setup was designed to be fully automated and a graphical user interface (GUI)
based wafer mapping tool (Figure 3.23), formed an integral part of the system,
which enabled the mapping of individual elements to sub-micron accuracy across
a complete wafer. This also provided a click and drag option, which allowed the
user to initially set the system up to select the dies for scanning. After creating the
measurement coordinates, the software translated the test structure coordinates
on each chip into a prober based compatible coordinate array. This array could
then be rearranged so that the wafer was scanned either ‘chip by chip’ or the
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(a) Wafer mapping
(b) Image acquisition/processing
Figure 3.23: Screenshot images of the measurement software created in Labview
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‘nearest structure first’. This latter option captured the image and extracted the
results considerably faster, as the system did not have to wait for the prober to
step between dies.
3.6.2 Device Initialisation
In an automated system it is important to perform initialisation checks before any
measurements commence. As the system was designed for acquiring accurate mea-
surements at high speed, the following parameters were monitored both initially
and during the measurements process. These were; the prober general purpose
interface bus (GPIB) read/write check, chuck related settings (vacuum, o↵sets,
XYZ-axis crash control) and finally the initialisation of the camera (firewire
port, image bu↵ers, autofocus thresholds, image brightness, contrast, gamma auto
adjustments) to optimise the performance of the image processing and pattern
recognition.
3.6.3 Data Acquisition
Once the wafer stepping pattern was set, and the preliminary checks were per-
formed, the automated measurement proceeded. The scan started either from a
predefined home position (position of the first chip/structure) or from where the
scan was paused manually or from an unexpected interrupt such as one caused
by a communication port read/write failure.
A single scan involves a number of routines. It starts with smoothly moving
the chuck from one structure to another, ensuring that the suspended rotating
arms are not jolted when the chuck stopped. The camera is then automatically
initialized and an initial low resolution image of the structure captured though
the microscope mounted on the prober. A software routine checks the focus of
the camera by taking an average SNR (signal-to-noise-ratio) of the image. The
SNR for the image is the ratio of the mean pixel value to the standard deviation
of the pixel values and was used to check the contrast of the edges. The camera
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was then focused by adjusting the chuck height until the value was within a set
SNR threshold (value depends on the material surface texture colour). A higher
resolution image was then captured and further processed for pattern recognition,
edge detection and angle extraction.
3.6.4 Pattern Recognition
To perform pattern recognition on images of the stress structure’s thin pointer
arms, a camera with a suitably high resolution was required. The camera used
was from Imaging Source (with a firewire interface). The captured images were
1024 ⇥ 768 pixels with 96 dpi (dots-per-inch) and the camera refresh rate (20
fps) was considerably higher than the scan rate (6 structures per second). The
high resolution image also enabled more than one structure to be captured and
detected simultaneously thereby speeding up the measurement. Finally, all images
were saved to disk for future reference and analysis.
There were numerous pattern recognition routines available, written in Matlab
and Vision Assistant (Labview). Their usefulness for this application depended
upon the ease of integration with Labview. Initially the pattern recognition code
was written in Matlab, but this proved to be too slow when it came to acquiring
the image data from Labview. Since speed was an important consideration for
the overall measurement system, the built-in image acquisition and processing
capabilities in Labview were selected. The system was setup such that it first,
acquired an RGB image from the firewire camera, which was converted into
binary (IMAQ extract single color plane). Once the image was converted into
binary (intensity), this image was passed onto the pattern recognition function.
A template of the rotation arm pivot (cross) was used to match similar a pattern
in the image. This resulting system can e ciently detect a number of identical or
di↵erent predefined patterns in a binary image. A rotation tolerance of ± 45   to
the pattern was used to detect dislocated or broken structures. The final system
was implemented so that the camera captured a high resolution image containing
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two structures at a time, which were readily detected and further processed for
angle extraction.
3.6.5 Image Processing using Pattern Recognition
One of the important elements related to the measurement was the ability to
identify both working and missing structures so that undesirable data could be
reliably eliminated. As the Ni process qualification wafer used had many over
etched and broken structures, this wafer was used to develop the image processing
algorithm. The conventional edge detection algorithm detected both the intact
and broken structures, which posed a challenge to di↵erentiate between the two.
In contrast to many edge detection algorithms, the system uses the Hough Edge
/ Rake Detection scheme [148] and traces along the pointer and extension arm
within a set region of interest looking for discontinuities or breakages/missing
elements. Figure 3.24 shows example of a number of di↵erent faulty/broken
structures with the (red) box correctly identifying the centre of the pointer
arm. However, having done this the software was able to identify these as non
Figure 3.24: Broken structures detected by pattern recognition but neglected in
edge detection
functioning structures by following the edge of each structure and analysing the
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trace looking for any unexpected corners. Figure 3.25 shows an example of a
structure where the pointer arm is missing.
!
Figure 3.25: Missing pointer arm after overetching during Cu seed removal
The edge detection routine used in the system was able to distinguish between
functional and broken structures and hence eliminate false results.
The acceptable test structure image is now passed onto the angle extraction
algorithm which identifies the edges of the pointer arm and the surrounding
sidewall. The software is able to identify the central portion of the pointer arm
and from this reference coordinate performs 65 horizontal scans along the width
of the image. An example of the scan area and the resulting edge detection of the
Ni pointer arm and its sidewalls is shown in Figure 3.26. Four edges are identified,
Figure 3.26: Actual Labview output of pointer arm and sidewalls edge
recognition using Hough Edge Rake detection algorithm
two sidewalls and two edges (sides) of the pointer arm. The lines of best fit were
applied to these edges and the slope relative to the sidewalls used to calculate the
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angle of the pointer arm (Figure 3.27). The intensity of the edges (also shown in
Figure 3.27: Pointer image with Hough / Rake edge detection transform applied
to identify straight edges with coloured lines representing the angle extraction
from the sidewall and pointer arm
the figure) can be modified to make the edge extraction more sensitive depending
on the material texture.
3.6.6 Angle Extraction
The resulting automated high speed optical measurement system is capable of
extracting angles of over 12,000 microrotating test sensors on a 200 mm wafer in
less than 30 minutes. This makes it ⇠600 times faster than a laborious manual
measurement procedure.
The power of the measurement system described in this chapter is that it moves
MEMS based stress characterisation devices from interesting structures that pro-
vide limited quantitative information on to another plane. It translates them into
a tool that can not only provide quantitative information but also increases the
volume of data that can be routinely extracted to provide stress wafer maps at
densities which have not been previously available. An additional appeal of the
system is that it is completely non-contact and simply relies on an optical image
which has the attraction that no area is required for probe pads.
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3.6.7 Statistical Analysis of Strain Measurements
For this test Ni wafer, two complete sets of structures on a chip were measured,
one in the centre of the wafer and one near the edge. The corresponding results are
presented in Figure 3.28, where each data point represents the average rotation
for the set of structures with a given value of  Y/W and the error bars indicate
the standard deviation. Statistical tests were performed to confirm, with a 95%
confidence, that there was a significant di↵erence between the two sets with
greater rotation in the centre of the wafer. These results could occur if di↵erence
Figure 3.28: Pointer rotation plotted against  Y/W for nickel test structures
in the geometry of the test structures, particularly in terms of the expansion arm
width exist. To be able to determine whether this was the case, the test dice
also includes a set of eighteen cross-bridge electrical linewidth test structures,
as shown in Figure 3.11. To investigate any dimensional di↵erences between the
structures, one set at the centre and one at the edge of the wafer was measured
and the results are presented in Table 3.1. The di↵erence between the mean values
Table 3.1: Electrical linewidth results for Ni test structures
Position Mean Linewidth (µm)   (Linewidth) µm
Center 5.31 0.12
Edge 4.86 0.22
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of linewidth at the centre and edge was around 2%, with wider structures in the
centre. If the stress structures show similar dimensional bias then it would be
expected that the rotation of the pointer arms, for a given value of stress in the
film, should be reduced for the wider expansion arms. In addition, and referring
back to Figure 3.5, simulations suggest that the observed change in linewidth
would lead to a change in rotation of less than 0.1 . This result suggests there is
a di↵erence in the level of stress in ECD nickel between the centre and the edge
of the wafer.
Figure 3.29 shows the complete spatial rotation map of the nickel stress structures
Figure 3.29: Wafer map of rotation for the 5µm electroplated Nickel film
extracted from the automated pointer rotation measurement system described
in the previous section. Where the structures were damaged and could not be
measured, a value of 0 is used which shows up as black. There is a clear pattern
to the data with greater rotations near to the centre but the variability is quite
large and there are also structures with large rotations around the edge. The poor
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yield also leads to many empty spaces in the map which can make it di cult to
interpret the pattern. The problems with yield was mainly caused by the wet
etch process used to remove the copper seed layer before release as this also tends
to attack nickel and this was not optimised at that time (etched with 20 g/l
ammonium persulfate only - section 3.4.1).
By taking an average value of rotation for each die it was possible to reduce the
granularity of the wafer map and get a more useful picture of the variation. This
large scale map is presented in Figure 3.30. The average rotation was greater in
Figure 3.30: Wafer map of the average rotation for each die on the 200 mm
wafer
the centre of the wafer at around 3.5   while it was closer to 2.5   at the edge.
The large rotations near the edge in the upper left quadrant of the wafer were
a result of measuring one or two structures in each die which show very large
rotations. The automated measurement was able to determine if a structure was
broken and it is clear from Figure 3.29 that the yield is particularly low in this
area.
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Figure 3.30 shows the average for all the structures in each die, but as was
Figure 3.31: Average pointer arm rotations plotted against expansion arm
separation ratio of standard (non-notched) structures
mentioned previously there were a number of di↵erent structures with a range of
expansion arm separation ratios. The average rotation for each value of  Y/W
has been calculated for each die and is plotted in Figure 3.31. In addition, the
averages for a block of 6 ⇥ 18 dice in the centre of the wafer and the remaining
structures around the edge have also been calculated and are plotted on the
same graph. Each point represents the mean value while the error bars show the
standard deviation (2  ) with 95% confidence. The total number of structures
that were measured to produce each mean value varies due to the yield issues
mentioned previously but there are generally a few hundred results associated
with each point. Although the standard deviations are quite large the di↵erences
between the structures near the centre and those around the edge have been
shown to be statistically significant. Interestingly there is no obvious trend in
rotation with  Y/W, unlike the initial FEA results. Either this is very small and
is being masked by the variation across the wafer or there is no dependence on
 Y/W , which suggests the structures were operating around the peak of the
curve in Figure 3.3. Figure 3.31 shows the results for the standard test structures
while Figure 3.32 presents the results for the structures where the expansion arms
narrow to 5 µm where they meet the pointer arm. These rotation results show very
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Figure 3.32: Average pointer arm rotations plotted against expansion arm
separation ratio for narrowed structures with 95% confidence
similar, statistically significant, di↵erences between the centre and the edge of the
wafer and similar variabilities in the rotation for each value of  Y/W. There is
more variation in rotation with expansion arm separation but this is insignificant
in comparison to the overall variability. Within the standard deviation there is
also no significant di↵erence in rotation between the standard structures and
those with the narrowing of the expansion arms.
Simulations of the strain/stress as a function of a test structure with W = 5, L =
850 can be seen in Figure 3.33. A typical value for Young’s modulus of 200 GPa
was used to convert the simulated strain into a stress value. Even if the change in
rotation between the centre and edge of the wafer is as low as 0.5  that equates
to a change in stress of around 20 MPa. Using strain (rotation) values of 2.5  
and 3.5   residual tensile stress values were seen to range from 75 - 110 MPa at
the edge and center respectively. An approx. 36% change in the spatial variation
was observed which has shown to demonstrate the importance of wafer mapping
stress in ECD films. However, these results have assumed the elastic modulus
is constant over the entire surface which still needs to be confirmed and further
studies have been presented in the following chapters concerning this issue.
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Figure 3.33: Simulated stress and strain figures plotted against maximum
pointer rotation angle for the Ni structures with W = 5 µm and L=850µm and
Young’s modulus assumed to be 200 GPa
3.7 Conclusions
Mechanical pointer arm test structures have been used to develop a complete
spatial strain/stress measurement system for 200 mm wafers. The optimum di-
mensions for device sensitivity, were chosen based on a FEA [149]. A full mask
design (comprising 12,228 pointer arm strain test structures) and fabrication
procedure with ECD films has been demonstrated with the addition of a novel
selective copper seed layer etching technique. With over 12,000 structures the
need for an automated arm rotation measurement system is self-evident. This
was developed in-house and is capable of extracting rotation data and plotting
a complete strain map in less than 30 minutes. This technique made it feasible
to comprehensively wafer map the stress over many wafers when developing new
processes, which is a significant advance over the manual extraction of the rotation
angle which is both error-prone and laborious.
The capability of the resulting system has been demonstrated by measuring the
pointer arm rotation fabricated from 5µm thick electroplated metallic Ni film.
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Initially, no obvious rotation were observed after release. However, after heating
the wafers to 150  C the structures rotated to indicate tensile stress. A full set
of structures at the edge and at the centre of the wafer were measured and the
results showed a significant di↵erence in rotation. This cannot be accounted for
by di↵erences in the widths of the expansion arms in these structures and so the
results indicate a di↵erence in stress with position. Wafer map was obtained which
showed 37%±5% more stress in the center of the wafer, therefore, demonstrating
the potential of the system to extract spatial variation in 200 mm wafers.
This technique has successfully made use of MEMS tests structures to spatially
characterise strain assuming a constant Young’s modulus. The spatial variation
of strain observed in the ECD film could suggest variations in the structural
properties of the plated film, and this would also e↵ect the Young’s modulus.
Therefore, spatially mapping Young’s modulus with strain would be required to
create stress maps (demonstrated in Chapter 5). Moreover, as mentioned before,
the Ni bath used to fabricate the structures for developing the measurement
system was non-optimised. To plate NiFe (preferentially permalloy) with low
stress for microinductor cores, optimum bath composition and conditions must
be employed and this procedure has been discussed in chapter 4 using the same
test structure chip employed in the above system developments.
Chapter 4
Chip Level Metal
Electrochemical Studies of NiFe
4.1 Introduction
The as-deposit properties of ECD NiFe films such as alloy composition, film
thickness, magnetic properties and intrinsic stress [150] are widely known to be
dependent on plating variables such as, plating current density, bath temperature,
pH and chemical concentrations [151, 152, 153]. However, the interdependence of
these properties, particularly towards the evolution of stress in NiFe, is not fully
understood, and needs further clarification.
The mechanism of NiFe electrodeposition, is notorious for its ambiguous char-
acteristics. The less noble metal Fe, compared to Ni, is known to be deposited
preferentially and this phenomenon is called the, ’anomalous codepositon’ of NiFe
[153]. The change in pH near the cathode surface, occurring from the evolving
hydrogen, has been postulated to cause this e↵ect [154]. Hydrogen evolution is
also known to govern the overall plating e ciency and quality of deposits, but
little work has been published towards confirming its e↵ect on film stress.
This chapter investigates the e↵ect of hydrogen evolution on the development of
intrinsic stress in Ni and NiFe films using the test structures described previously
in chapter 3.
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4.2 Fabrication of Strain Test Structure Chip
The e↵ect of bath parameters such as concentrations of ions and additives on
stress is problematic to study on 200 mm wafers, as this exercise would require nu-
merous bath changes, with each setup, potentially utilising over 30 L of electrolyte,
which would be both expensive and time consuming, not to mention wasteful
on chemicals. As an alternative, beaker level electroplating was considered more
suitable using smaller substrates consisting of test chips diced from a 200 mm
wafer having the same sacrificial layer and seed stacks as described in section 3.4.1
and patterned using the masksets shown in Figure 4.2). The patterning process
has been modified, such that the original test structure mask layer 1 is overlayed
with an acetate mask layer 2 to expose every other row of test structure chips.
These masks are removed and the acetate layer 3 is introduced which exposes
small regions for the ECD electrical contact.
Following these two exposures, the wafer is developed in acetone and the un-
Figure 4.1: 9”masksets used to pattern test structure chips on a 200 mm wafer;
the resulting die after singulation is shown in Figure 4.2
derlying titanium layer is etched using 1% HF. This step exposes the underlying
copper seed layer to be used for ECD. Finally the wafer is diced which delivers
around 190 dies. Each die measures 13 ⇥ 17 mm and contains 64 strain test
structures and a schematic drawing of the resulting die is shown in Figure 4.2.
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The black region represents the copper seed and the grey region represents the
photoresist acting as an insulator and mould for the bottom-up plating process.
Figure 4.2: Schematic drawing of a diced test structure die with 64 strain sensors
and 36 electrical test structures giving a total active area of 0.765 cm2 (measured
from the mask design CAD software)
4.3 Experimental Setup and Procedure
The apparatus and experimental setup used for the beaker level ECD of Ni/NiFe
is shown in Figure 4.3. The plating system consists of a computer controlled
potentiostat/galvanostat (Metrohm Autolab PGSTAT302), pH meter (Mettler
Toledo), digital thermometer and a three electrode system with SCE1 as the
reference electrode (RE), a pure nickel pellet with surface area ⇡ 3 cm2 as the
counter electrode (CE - Anode) and the test structure chip (Figure 4.2) as the
working electrode (WE - Cathode). Theory of the 3 electrode system analytical
technique can be found in Appendix A.1.
A nickel anode was used instead of inert platinum to maintain consistency with
1. SCE = Saturated Calomel Electrode with cell notation Cl (sat0d)|Hg2Cl2(s)|Hg(l)|Pt
where E0SCE |E0SHE = +0.244V
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(a)
(b)
Figure 4.3: (a) Schematic drawing of the 100 ml beaker level bath setup for
fundamental ECD study (b) photograph of the actual laboratory setup (water
bath not shown)
industrial wafer plating procedures. This setup was kept identical for each experi-
ment, with the spacing between the CE andWE set at 2.5 cm. The electrochemical
cell was a 200 ml beaker filled with 100 ml of electrolyte under investigation. The
temperature was controlled using a water bath and agitation induced using a
magnetic stirrer, with a magnetic flea inserted in the solution. Adequate stirring
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was performed at a medium rate (position 3 from a scale of 1 to 5) and was kept
consistent for all experiments. Unless otherwise stated, each solution was purged,
to remove dissolved air, by bubbling Ar gas for 20 minutes. For most tests the
current density applied ranged between 5 and 40 mAcm 2, the temperature was
25  C and pH of the electrolyte was between 2.4 and 2.6. As the pH tends to
increase after ECD due to hydrogen evolution at the cathode surface, this was
adjusted by adding 1% HCl solution.





These baths were prepared using commercially available semiconductor grade
NiCl2 and FeCl2 solution (Dow ChemicalsTM), analytical grade boric acid (Sigma-
AldrichTM), sodium saccahrin (Sigma-AldrichTM) and deionised (DI) water of 18
M⌦cm resistivity. A fresh bath was used for each experiment’s batch of chips
and the plated sample rinsed with deionised water and dried using nitrogen gun,
before any further analysis.
The plating current e ciency of each sample is obtained from the mass gained
after ECD (described in Appendix A.2.1.8). Following this measurement, the
photoresist is stripped, seed layers are etched and the test structures released as
described in section 3.4.1. The pointer arm rotations were measured using the
image analysis algorithm described in section 3.6). Strain comparison between
plated samples has been undertaken in this study by only analysing structures
with separation ratio  Y/W = 1.75. Magnetic hysteresis of some plated films
were also obtained using BHL described in Appendix A.2.5.
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4.4 E↵ects of Plating Conditions and Additives
4.4.1 E↵ect of pure nickel concentration on plating
A number of ECDs were performed at room temperature with the aim of inves-
tigating the e↵ect of nickel(II) concentrations on both plating e ciency and the
resulting film strain. For this evaluation the bath was kept free from additives
and surfactants.
Three sets of test structure chips were plated galvanostatically in fresh NiCl2
solutions (0.1 M, 0.4 M and 1.0 M) using a range of current densities (5, 7,
10, 20, 40 mAcm 2). The time required to achieve a target plating thickness of
5µm (assuming 100% e ciency) for each of these plating current densities were
calculated using Equation A.15 in Appendix A and these are shown in Figure 4.4.
Figure 4.4: Plot shows the time required to electroplate 5µm of Ni at di↵erent
current densities
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4.4.1.1 Analysis of cathodic potential
Figure 4.5 shows potential versus time plots of the first batch of samples plated
in 0.1 M nickel(II). At lower plating current densities (5, 7 and 10 mAcm 2)
Figure 4.5: Potential vs. time plots of samples plated in 0.1 M NiCl2(aq) using
various current densities
there is a slight drift in potential at the start of plating, which is expected during
the transition of Cu (seed layer) to Ni. A steady state potential is reached when
depositing Ni on Ni. The plating potentials were also observed to change linearly
for each current density 5, 7, 10 and 20 mAcm 2. However, at 40 mAcm 2 a major
potential drop is recorded, which is significantly di↵erent to the other samples.
This potential drop can be regarded as the domination of hydrogen evolution
reaction at high currents (H2O + e  ! 1/2 H2 + OH ) over nickel deposition
which has also been reported by Song [155] . Hydrogen bubbles were also visually
observed on all plated samples. An example chip being plated is shown in Figure
4.6 for which bubbles adhered to the surface and gradually increased in diameter
during the course of plating. At 40 mAcm 2, bubbles evolved most vigorously,
and compared to previous samples, did not adhere to the surface. The consequent
deposit consisted of a green/white powder, which got removed after rinsing in DI
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water. Test structures were deformed on this particular sample which was not
measured further.
Figure 4.6: Image of a test structure chip being plated (at 10mAcm 2) showing
hydrogen bubbles evolving during deposition
Figure 4.7 shows potential versus time plots of samples plated in 0.4 M Ni(II).
The plating potential at 5 mAcm 2 current density is observed to be steady, while
Figure 4.7: Potential vs. time plots of chip samples plated in 0.4 M NiCl2(aq)
using various current densities
at 10 mAcm 2 it decreased slightly through the duration of plating. A potential
di↵erence of -0.08 V between the 5 and 10 mAcm 2 samples, suggests e cient
plating, while a significant drop (greater than -0.35 V) observed for 20 and 40
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mAcm 2, indicates excessive hydrogen evolution, besides nickel reduction. Com-
pared to the previous bath, 0.1 M Ni(II), the hydrogen evolution contribution is
more prominent even at lower current densities. The vigorous hydrogen evolution
observed at 20 and 40 mAcm 2 also led to the delamination of the photoresist.
The deposited film, again, consisted of loosely bound green deposits which were
removed upon rinsing in DI water. These two samples were not measured further.
Similar results were also observed after increasing the Ni(II) concentration to 1.0
M (Figure 4.8). The di↵erence in plating potential for 5, 7 and 10 mAcm 2 were
Figure 4.8: Potential vs. time plots of chip samples plated in 1.0 M NiCl2(aq)
using various current densities
significantly smaller compared to the drop recorded for 20 mAcm 2. With the
inability to deposit Ni e ciency, this sample was discarded for further measure-
ments.
Potential plots of the three baths at 10 mAcm 2 have been compiled in Figure
4.9. The initial OCPs were observed to become more negative, however, these are
hard to predict using Nernst equation as the electrode would required to be made
of the same metal (Ni) as the ions (Ni2+) in the solution. Moreover, the possible
reactions together with their potential expressions at 25 C listed below can be
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Figure 4.9: Potential vs. time plots of samples plated at 10 mAcm 2 in various
[NiCl2] baths
used to compare the final OCPs, post deposition, in which case the electrode is
transformed to nickel. For easy comparison these potentials have been expressed
versus SCE 2 [156].
Ni2+ + 2e  = Ni




this would equate to - 0.57 V at 0.1M, -0.52 V at 0.4 M and -0.50 V at 1 M of
Ni2+.
The second possibility could be: Ni(OH)2 + 2H+ + 2e  = Ni+ 2H2O




this equates to -0.125 + 0.059(-pH) = -0.28 V at pH = 2.6.
The third possibility could be: H+ + e  = 0.5H2




this equates to -0.241 + 0.059(-pH) = -0.40 V at pH = 2.6
2. The di↵erence between SCE and H2 electrode potentials is 0.241 volt at 25 C
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Looking at these values of electrode potentials at pH = 2.6 (post plating) and for
the concentrations of Ni(II), it can be seen that only the 0.4 M and 1 M Ni(II)
potentials are close to the calculated ENi2+/Ni, but the 0.1 M solution’s potential
was surprisingly approaching ENi(OH)2/Ni. This could indicate the presence of
Ni(OH)2 in the film or variations in the surface morphologies such as roughness,
polycrystalline lattice configurations and voids could contribute to the final OCPs
being so di↵erent. Magnified images, focusing on the film texture (Figure 4.10)
supports this hypothesis, as it is apparent that the films textures changes with
[nickel(II)]. The inclusion of an insoluble nickel compound in the film (such as
the green powder observed) may have also contributed to the variation in grain
morphology and film appearance. Further analysis is therefore, required to confirm
these findings.
Figure 4.10: Magnified microscope images showing the texture of samples plated
at 10 mA/cm2 from pure NiCl2 solutions with concentration 0.1 M, 0.4 M and
1.0 M respectively.
4.4.1.2 Plating E ciency
Each chip was weighed before and after plating and the plating e ciency was
calculated. Figure 4.11 shows the plating e ciency plotted against the plating
current density. An interesting observation is that the e ciency can be seen
to increase with plating current density until it falls sharply to <40% for all
three nickel baths. A peak value of (85 ± 8)% between 10 and 20 mAcm 2 is
also observed. Overall, the e ciency trend is seen to drop with increasing nickel
concentration. Correlating this with the potential plots analysed earlier, and the
4.4. E↵ects of Plating Conditions and Additives 83
Figure 4.11: Plating e ciency of nickel from baths composed of di↵erent NiCl2
0.1 M, 0.4 M and 1.0 M at pH of 2.6
visible bubbles during ECD it was evident that hydrogen evolution was the root
cause. To further investigate, an SEM image of a structure plated in the 0.4 M
Ni(II) bath at 10 mAcm 2 is shown in Figure 4.12. This image shows part of a test
structure, where a hydrogen bubble was seen trapped. A clear circular depression
is visible with little or no nickel deposited. This suggests that the presence of
a stationary hydrogen bubble on the surface inhibits nickel deposition and also
lowers the overall plating e ciency of the bath.
4.4.1.3 Pointer arm rotation (strain) measurements
Microscope images of the Ni test structures are shown in Figures 4.13, 4.14 and
4.15 for the three baths under investigation. As mentioned earlier, successful
plating could only be achieved at current densities less than 20 mAcm 2. At higher
currents the influence of hydrogen evolution was more profound during the plating
process leaving the test structures damaged. Therefore, these samples were not
included in the release process. After release, pointer arm rotation (strain) values
were extracted from structures with arm separation ratios of 1.75, and these have
been collated in Figure 4.16. A clockwise rotation, indicating tensile stress was
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Figure 4.12: SEM image of the region of the test structure (after stripping
photoresist) where a hydrogen bubble was seen trapped
Figure 4.13: Microscope images of the dies with released test structures plated
in 0.1 M NiCl2 at various current densities (columns) and rows shows the same
chip but at di↵erent magnifications (⇥2 and ⇥10)
observed from all samples. The highest rotation of ⇠6  was measured for the
1.0 M Ni(II) bath at 10 mAcm 2, while the lowest rotation of 2.6  was obtained
for 5 mAcm 2 plated in a 0.1 M Ni(II) solution. On average, rotations increased
both with nickel(II)chloride concentration and the plating current density, and
this clearly indicates how plating parameters can influence the development of
intrinsic stress.
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Figure 4.14: Microscope images of the dies with released test structures plated
in 0.4M NiCl2 at di↵erent current densities
Figure 4.15: Plated samples
The magnetic hysteresis of the chips is presented in Figure 4.17. As the chips
were non-continuous (patterned), the hysteresis data can only be used for qual-
itative comparison between individual samples. Taking this into account it can
be noticed from the shape of the curves that the samples do not reach saturation
magnetisation when plated at lower current densities, however, this increases in
magnitude which is important when considering its use in a microinductor, as
higher permeability materials are desirable for this application. Another factor
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Figure 4.16: Pointer rotation of nickel test structures plated in di↵erent
nickel(II)chloride compositions 0.1 M, 0.4 M and 1.0 M at pH of 2.6
of primary importance is the total area inside the hysteresis which corresponds
to the magnetic energy stored in the core. The higher this area, the more the
material would act as a hard magnet and greater the energy is lost due to the
changing magnetic energy in the core during the inductor switching cycle. Such
materials would not be ideal for high frequency applications. It can be noticed
that this area is smallest when plated below 10 mAcm 2, whilst the coercivity
remained the same for all samples. At these lower current densities it was also
observed that, changes in nickel(II) concentration in the bath did not seem to
have any significant e↵ect on the hysteresis.
4.4.1.4 Discussion
The e↵ect of nickel concentration in the bath can be postulated to have two
e↵ects on the deposition of nickel. Firstly, the activity of the solution is raised,
as the number of charge carriers increases. With this increase in activity of nickel
ions, the activity of hydrogen ions is a↵ected which alters the level of hydrogen
evolution for a given pH. If the hydrogen reduction dominates the overall plating
mechanism, the suppression of nickel is expected which results in a lower plating
e ciency. Films plated at such low e ciencies may have hydrogen incorporated
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(a) 0.1 M nickel(II)chloride (b) 0.4 M nickel(II)chloride
(c) 1.0 M nickel(II)chloride (d) Compiled samples from NiCl2(aq)
concentrations plated at 10 mA/cm2
Figure 4.17: Magnetic hysteresis loops of thin films plated in pure
nickel(II)chloride at various current densities
within the film growth and this could leave voids, deformities and a coarse grained
finish. Such films would tend to relax by relieving their energies in the form of
high tensile stresses. Secondly, the existence of an insoluble powdery deposit found
on most of the samples plated at elevated current densities, may also contribute
towards deformities in films. In higher nickel baths, Davalos and Jili et al. [40, 83]
also observed a familiar green deposit which they confirmed was, Ni(OH)2 (s).
High pH readings, near the cathode surface were also observed to correlate directly
to the hydrogen evolution reaction in their study. Combining this information
along with the strain results reported in Figure 4.16, it may be the case that the
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insoluble compound could have been absorbed in the deposits producing a film
with a defective grain morphology and higher intrinsic stress.
This initial study has highlighted the benefits of using MEMS test structures
when characterising intrinsic strain in ECD Ni films plated from an additive free
bath. From the results presented, it can be concluded that both low strain film
and high e ciency plating precess can be obtained from a pure nickel bath with
concentrations between 0.1 M and 0.4 M, plated at current densities ranging
between 5 and 20 mAcm 2.
The e↵ect of hydrogen evolution has shown to be a prominent factor influenc-
ing the plating e ciency and also the resulting structural properties of nickel.
However, it should be noted that the inclusion of boric acid has been reported
to depreciate hydrogen evolution [40] but its influence of stress is still unknown.
Addressing this question has been the motivation behind the work reported in
the next section.
4.4. E↵ects of Plating Conditions and Additives 89
4.4.2 E↵ect of boric acid in pure nickel solution
4.4.2.1 Introduction
The mechanism of Ni2+ reduction from an acidic bath is known to occur in several
steps, in which two successive Faradic reactions have been suggested. The first
is the formation of Ni+ads ion and the second is its following reduction to Ni.
However, in the presence of freshly deposited Ni, H+ is reduced to Hads which
strongly bonds to the the electrode surface which inhibits further reduction of
nickel. Hydrogen evolution is caused by the reduction of this Hads [157] [158].
Boric acid has been used in nickel/nickel-iron plating for decades and many
researchers have studied its e↵ect with various di↵erent views. The general con-
clusion can be summarized as follows [36]:
(i) Boric acid acts as a pH bu↵ering agent [159][83]. The practical pH range of a
bu↵er is pKa ± 1, and in the case of aqueous boric acid at 25 C the origin of its
acidity has been controversial. Raman spectroscopy of strong alkaline solutions
has shown the presence of B(OH) 4 ions leading to the conclusion that the acidity
is exclusively due to the abstraction of OH  from water [160][161] giving a pK
of 9.14. Another source suggests that boric acid is also a tribasic Br nsted acid,






2  +H+(pKa1 = 12.4)
BO2(OH)
2  ⌦ BO3 3 +H+(pKa1 = 13.3)
(4.4)
These pKa values are too high when considering the fact that the bulk pH of a
typical nickel bath is < 3.0. Some suggest that a weak complex with nickel exists
which acts as a pH bu↵ering reagent [37]. However no concrete existence of any
complex could be proved experimentally.
(ii) Boric has also been claimed to act as a catalyst for nickel reduction [38]. It
has also been reported that when the boric acid concentration increases the rate
4.4. E↵ects of Plating Conditions and Additives 90
of nickel deposition increases, relative to the rate of hydrogen evolution.
(iii) Horkans et al. suggested that boric acid absorbs on the nickel surface during
deposition significantly suppressing hydrogen evolution [90]. A contrasting theory,
presented by Yin, states that boric acts as a surfactant which prevents the
electrode from passivation during nickel deposition [39].
(iv) Abyaneh et al. [162] reported that boric acid acts as a bu↵er and increases
both the thickness and the lateral growth of nickel deposits.
(v) In a recent EQCM study by Davalos et al. in 2013, it was observed that in the
absence of boric acid an insoluble specie Ni(OH)2(s) (also observed by Yin [158])
was formed due to hydrogen evolution. In the presence of boric acid it was argued
that boric acid (or its compound) adsorbs on the nickel and stops H+ reduction
resulting in Hads (the cause of hydrogen evolution) [40].
Clearly the influence of boric acid on nickel deposit is complicated and still
remains unclear.
The aim of the following work is to observe the e↵ect of boric acid on nickel
deposition e ciency and at the same time monitor the corresponding development
of intrinsic strain.
4.4.2.2 Experimental setup
Table 4.1 summaries the bath composition and condition examined in this set of
measurements. The first batch of samples were plated with nickel from a bath
Table 4.1: Ni/boric acid bath composition and conditions
Bath contents Concentration/M Concentration/(g/l)
NiCl2.6H2O 0.4 95.2
Boric Acid (varied) 0.2, 0.4, 0.6, 0.8 12, 24, 37, 49
Current Density (mA/cm2) 10, 20, 30, 40
Temperature ( C) 24 ± 1
pH 2.6 - 2.8 (adjusted with HCl)
containing 0.4 M nickel(II)chloride and 0.4 M boric acid, at di↵erent current
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densities (10, 20, 30 and 40 mAcm 2). The second batch was plated at 20 mAcm 2
but with varying boric acid concentrations (0 - 0.8 M). The target film thickness
for all samples was again 5µm, assuming 100% plating e ciency.
4.4.2.3 Analysis of cathodic potentials
Figure 4.18 presents the potential vs. time plots obtained for the first batch of
samples which shows that a steady plating potential was achieved for all four
current densities. The highest negative cathodic potential was recorded for the
Figure 4.18: Potential - time plots: (a) The e↵ect of current density on Nickel
plating from a bath containing nickel(II)chloride 0.4 M and boric acid 0.4 M
sample plated 40 mAcm 2 which essentially reached -1.17 V. The initial OCPs
were consistent for all plating samples ( -0.32 V) for Ni(II) alone and with boric
acid. There was a transient observed in the final OCP just after plating and
the potential was observed to get more positive with time. However, the trends
and values of the final OCP were consistent, unlike the observations in pure
Ni(II) (Figure 4.7). There were also far less hydrogen bubbles seen evolving during
deposition in the nickel/boric bath. The presence of boric acid clearly shows the
ability to plate at higher current densities which could not be achieved in its
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absence (pure NiCl2(aq)).
A comparison between the steady-state cathodic potential (E/V vs. SCE) at
di↵erent plating current densities for pure Ni and Ni-boric baths is presented
in Figure 4.19. The potentials at low current densities (5 and 10 mAcm 2)
Figure 4.19: A comparison of the steady-state plating potential vs. plating
current density of baths containing NiCl2 and NiCl2 (0.4M) + boric (0.4 M)
were similar. While at plating current densities higher than 10 mAcm 2, a large
potential drop (⇠ 0.3V) was observed for the pure Ni(II) bath because of hydrogen
evolution. In the presence of boric acid, no such potential drops exists which
suggest the suppression of hydrogen formation.
The e↵ect of boric acid concentration on the plating potential is shown in Figure
4.20. The OCP (-0.33 V) and plating potential (-1.1 V) show no significant
change between samples. The cathodic potential in the absence of boric acid
is ⇠ 33% more negative which demonstrates that at elevated current densities,
boric acid inhibits the hydrogen reduction to enhance Ni deposition. The fact
that no potential change in the OCP is observed, with and without boric acid,
also suggests the non-existence of any nickel-boric complex in the bath.
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Figure 4.20: Potential-time plots of samples plated in di↵erent boric acid
concentrations ([NiCl2] = 0.4 M)
4.4.2.4 Correlation of strain and plating e ciency
Photoresist and seed layers were later stripped and the strain test structures
released. Optical images of the sample plated at di↵erent current densities are
shown in Figure 4.21. It can be observed that films have a shinier finish when
Figure 4.21: Microscope images of Ni test structures plated at di↵erent current
densities
plating at 10 mAcm 2, while higher current densities display a slightly darker
finish.
Pointer rotations were extracted from these images and correlated with the plating
e ciency as shown in Figure 4.22. A maximum e ciency plateau (92± 3)% for
20-30 mAcm 2 is observed, followed by a slight decline (81± 4)% at 40 mAcm 2.
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Figure 4.22: Plated e ciency and reciprocal of strain with current density for
a solution containing 0.4 M NiCl2 and 0.4 M Boric acid
An inverse correlation is clearly visible between the e ciency and strain with
minimum rotations of 4.3  acquired when the plating e ciency was high. These
plots suggest that the deposition of nickel is di↵usion-limited below 30 mAcm 2,
which surprisingly could not be obtained from the galvanostatic plots (Figure
4.18). In the absence of boric acid, a large drop in potential corresponded to
the evolution of hydrogen which also reflected upon the e ciency data. However,
in the presence of boric acid, no such potential drops were recorded at e.g. 40
mAcm 2 but the corresponding decrease in plating e ciency may suggest hydro-
gen being absorbed in the film (instead of evolving and escaping as a bubble).
These conclusions are speculative and need further analysis for confirmation.
Next, the e↵ect of changing boric acid concentration on intrinsic strain was
investigated using the optical images of the released nickel test structures shown
in Figure 4.23. The obvious observation is that the film texture and appear-
ance changed from a darker (grainy) to shinier finish with the increase in boric
concentration. Pointer rotations were extracted from these images which been
correlated with the change in plating e ciency as shown in Figure 4.24. In
the absence of boric acid the plating e ciency is lower than 60% but with
concentrations greater than 0.4 M the e ciency seems to stabilise at 90%. An
initial observation is that there is inverse correlation between these two quantities
could be suggested, which is confirmed by compiling all the data from both
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Figure 4.23: Microscope images of Ni test structures plated in di↵erent boric
acid concentrations
Figure 4.24: Plated e ciency and reciprocal of strain with di↵erent boric acid
concentrations for a solution containing 0.4M NiCl2 and plating current density
of 20 mA/cm2
batches in Figure 4.25. This dependency of strain with plating e ciency suggests
that hydrogen evolved during nickel deposition may be absorbed within the
plated film creating defects and changes to the film morphology. Armyanov [163]
has also claimed that the desorption of hydrogen codepositon in the nickel film
from a Watts bath was responsible for high tensile stress in the film. However,
another study by Raub et al. confirmed the existence of nickel hydride (NiH)
deposits, using X-ray di↵raction measurements [164] which appeared after the
phase transformation of nickel into unstable nickel hydride, during deposition in
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Figure 4.25: Plot of pointer rotations against plating e ciency for a pure nickel
bath containing boric acid
an acidic bath [165, 166].
Based on these findings, the optimum plating current densities, to achieve max-
imum e ciency and the low film strain, are within the range of 20-30 mAcm 2
in a Ni(II) + boric bath. Higher concentration of boric acid (greater than 0.4 M)
may also be beneficial to achieve bright deposits and low stress (considering the
low solubility of boric acid in wafer (47 g/l [167]) this might not be optimal).
It can be concluded from this section that boric acid e↵ectively suppresses hydro-
gen evolution, enhancing both nickel deposition and the overall plating e ciency.
It was also shown, with the aid of MEMS test structures, that strain and plating
e ciency are mutually dependent and that the eradication of hydrogen evolu-
tion/absorption is necessary to produce low stress Ni films.
The final application of a microinductor requires the magnetic core fabricated
using ECD NiFe (permalloy), therefore the next section investigates the e↵ect of
boric acid on the anomalous codepositon of the alloy.
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4.4.3 E↵ect of boric acid in nickel-iron solution
4.4.3.1 Introduction
The first explanation for the anomalous codeposition, observed in the nickel-iron
system, was provided by Dahms and Croll in 1965 [154]. Their data indicated that
ferrous ions in the bath increased the deposition overpotential for nickel. It was
recognised at the time that, hydrogen ions are reduced at the cathode, and that
this half-reaction increases the pH at the surface of the deposit. However, Dahms
and Croll attributed the overpotential to the formation of an Fe(OH)2 precipitate
film on the deposit. Some years later Hessami and Tobias [168], suggested that the
increase in cathode pH was only su cient to produce the soluble iron hydrolysis
product FeOH+. A mathematical model of anomalous codepositon based on the
adsorption of this species on the cathode successfully predicted Ni-Fe deposit
compositions. Shortly after the Hessami-Tobias model was published, Deligianni
and Romankiw [169] experimentally verified that the increase in cathode pH was
modest, compared to the bulk solution pH. Furthermore, it was noted that the
pH increase was similar to that observed with ferric ion solutions, suggesting that
ferric ion (present in the bath as the result of the air oxidation of ferrous ion) was
controlling the cathode pH. Thus, they attributed anomalous codepositon in the
nickel-iron system to the adsorption of the hydrolysis products of ferric ion [170].
As the evolution of hydrogen during electrodeposition can increase pH at the
cathode surface or cause hydroxide formation, it is believed to be a dominant
factor in determining the composition and structural properties of NiFe thin films.
Boric acid has been used extensively in NiFe plating baths, as an attempt to
control the pH rise and eliminate the hydrogen evolution on the surface of the
cathode [89]. However, little work has been reported on the characterisation of
intrinsic stress in these films.
The aim of this work is to examine the e↵ect of boric acid on the NiFe deposits
and compare its performance with a nickel only bath. Therefore, the following
study was carried out at the same temperature and agitation conditions used for
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the previous experiments. To achieve a nickel-iron alloy (target Ni80Fe20), 3 g/l
iron(II)chloride tetrahydrate was added to the original nickel solution and the
e↵ect on plating with and without boric acid investigated.
4.4.3.2 Experimental setup
Table 4.2 details the bath composition and parameters employed for the prepara-
tion of the electroplated samples. Cathode potential was recorded (vs. SCE) for
each plated sample. Plating e ciency, strain (pointer arm rotation) and magnetic
hysteresis were also recorded and analysed. Before any Fe(II) was added, the pH
Table 4.2: Ni/Fe/boric acid bath composition and conditions
Bath contents Concentration/M Concentration/(g/l)
NiCl2.6H2O 0.4 95.2
FeCl2.4H2O 0.015 3.0
Boric Acid (varied) 0 - 0.4 12, 24, 37, 49
Current Density (mA/cm2) 20
Target thickness (µm) 5
Temperature ( C) 24 ± 1
pH 2.6 ± 0.2
of the nickel bath solution was reduced from 4.4 (fresh bath pH) to 2.6 by adding
1% HCl. The first sample was plated with 0.4 M Ni(II), 0.015 M Fe(II) and no
boric acid. As soon as the plating commenced, the cathode chip was observed
to become covered in a black deposit, accompanied by excess hydrogen evolution
and the flaking of a powdery deposit. The e ciency of this plated sample could
not be obtained as most of the loosely deposited material was removed, during the
DI rinse after plating. A microscope image of the die is shown in Figure 4.26. The
next sample was plated with the addition of 0.2 M boric acid and less hydrogen
bubbles were observed. However, flaking of the unknown black deposits continued.
Similar e↵ects were observed with the addition of boric acid upto 0.8 M. All the
samples were carefully rinsed and weighed to obtain e ciencies less than 30%.
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Figure 4.26: Image of sample plated in solution containing 0.4 M nickel(II) and
0.015 M iron(II)chloride only
These initial observations suggests that the inclusion of iron has clearly altered
the deposition mechanism to such an extent that even the e↵ect of boric acid (as
hydrogen suppressor) has ceased to exist. The corresponding galvanostatic curves
obtained for each sample, are presented in Figure 4.27.
4.4.3.3 Galvanostatic analysis
The OCPs between samples were consistent with and without boric acid (⇠ -0.05
V). No significant changes were observed in the plating potentials in di↵erent
boric concentrations (averaging ⇡ -0.95 V), which suggests that its presence does
not contribute towards the deposition of the NiFe alloy. A further comparison of
plating potentials of pure Ni and NiFe alloy with and without boric acid have
been compiled and are shown in Figure 4.28.
Firstly, a clear distinction between the initial OCPs can be observed which is
related to the inclusion of iron in the bath. This change of -0.28 V implies the
existence of the Fe2+ / Fe3+ redox couple, which has been reported in the literature
[171]. Secondly, no significant change in OCP before and after the addition of boric
acid suggests the non-existence of either Ni - boric or Fe - boric complexes.
Comparing the steady state plating potentials at 400 s a few conclusions can
be drawn: Hydrogen evolution occurs in a pure nickel bath which favours the
overall reaction and drives the overpotential up to -1.3 V. The addition of boric
acid however, inhibits the production of hydrogen and encourages nickel reduction
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Figure 4.27: Galvanostats of nickel/iron alloy plating with changing boric
concentrations, plated at 20 mAcm 2
which lowers the plating potential to -1 V. The presence of iron lowers the plating
potential even further to -0.93 V suggesting the overall reduction reaction favours
iron more than nickel (anomalous codepositon of NiFe). Finally, adding boric acid
to this bath makes no significant di↵erence.
A further analysis of the structural properties of the plated film was carried out
and compared with these glavanostatic results.
4.4.3.4 Strain measurements
Figure 4.29 shows microscope images of the plated samples for di↵erent boric acid
concentrations. It can be observed that the plated material near the pointer arms
had delaminated and buckled up, which is why they appear darker and out of
focus and this is the case for all samples. Pointer arm rotations were extracted
from these images and are presented in Figure 4.30(a).
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Figure 4.28: Shows galvanostats obtained from plating samples at 20mAcm 2
in di↵erent bath chemistries
Figure 4.29: Microscope images of the test structures plated in a bath containing
0.4 M Ni(II), 0.015 M Fe(II) and varying boric acid
A closeup image of a pointer arm (Figure 4.30(b)) shows the arms had rotated
clockwise to its maximum limit, which was observed for all plated NiFe samples,
with and without the boric acid. The inclusion of iron has, therefore, drastically
changed the plating dynamics and increased the intrinsic strain of the films by
more than 130%.
Plated Fe% compositions with respect to the boric concentration in the bath are
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Figure 4.30: Bath: NiCl2, FeCl2 and H3BO3 (a) Pointer rotation vs. boric acid
concentration (b) Microscope image of one of the test structures from the batch
reaching its maximum rotation limit
shown in Figure 4.31, measured using XRF (Appendix. A.2.4) and a general trend
Figure 4.31: E↵ect of boric acid concentration in plating bath on plated nickel-
iron composition
of increasing Fe% with boric acid is observed. The large variation in iron (±15%)
was due to the XRF’s inability to focus on the delaminated plated structures
as seen from the microscope images in Figure 4.29 however, a general trend is
evident. A proposed hypothesis for this behaviour could be the absorption of
boric on the electrode, which completely blocks the nickel ions but partially allows
the ferrous ions to penetrate through and deposit on the cathode. This surface
coverage mechanism of boric acid has also been proposed by Yin and Lin [39]
which supports this theory.
Figure 4.32 shows the magnetic hysteresis of the NiFe alloy which seems to act
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more like a paramagnetic material with increasing boric acid concentrations. It
can be observed that the applied magnetic fields are incapable of saturating the
domains of the magnetic material which could be caused by the mechanical de-
fects/impurities (black deposits) incorporated within the film during deposition.
It should also be noted that the character of magnetisation depends on the shape
and volume of the sample, so this would change if the sample is for example, low
yielding or delaminating.
The coercivity is seen decreasing with increase in boric acid which could correlate
with the material becoming soft with more iron being incorporated within the
film, which is desirable for microinductors however, these films also have high
residual stress and this plating recipe cannot be employed for production. Further
improvement to lower the material stress will therefore be required, which has
been reported in the next section.
Figure 4.32: E↵ect of boric acid concentration on the plated films magnetic
hysteresis
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4.4.3.5 Summary
In nickel bath, the addition of boric acid (upto 0.4 M) was observed to improve the
plating e ciency, but this could not be achieved in the presence of iron. All NiFe
films showed signs of delamination which confirmed very high tensile stress levels
through the pointer arm rotations. However during their deposition, less bubbles
with the addition of boric acid was observed which could suggest that boric is
trying to suppress hydrogen evolution but the presence of iron hinders nickel
reduction, producing films with high stress and less than 30% plating e ciency.
This observation also backs up previous studies reported in the literature [90][172],
where the addition of boric acid in permalloy plating solutions was not found to
eliminate anomalous codeposition but rather induce more stress in the plated
NiFe film which also suggests its inclusion in the film during deposition causing
deformities.
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4.4.4 E↵ect of Saccharin in nickel/iron/boric baths
Table 4.3: Ni/Fe/boric acid/saccharin bath composition and conditions
Bath contents Conc./M Conc./(g/l)
NiCl2.6H2O 0.4 95.2
FeCl2.4H2O 0.015 3.0
Boric Acid (varied) 0.4 24
Na-Saccharin 0 - 0.02 0 - 4
Current Density (mA/cm2) 20
Target thickness (µm) 5
Temperature ( C) 24 ± 1
pH 2.6 - 2.8 (adjusted with 1% HCl)
One approach known to reduce the stress in electroplated films is the addition
of saccharin to the electrolyte. Hence the e↵ect of saccharin, on films strain, has
been investigated. Di↵erent concentrations of saccharin were added to a bath
containing Ni(II) + Fe(II) + boric acid and table 4.3 summarises the bath com-
positions employed. Five bath samples were prepared with increasing saccharin
bath concentrations. Figure 4.33 shows the plating potentials recorded for the
Figure 4.33: Galvanostats of nickel/iron alloy plating with bath containing boric
acid but changing saccharin concentrations, plated at 20 mAcm 2
test structure chips plated with NiFe for a target thickness of 5 µm.
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The initial OCPs for all samples were roughly -0.16 V. During deposition it was
interesting to see a steady potential of -1.02 V, lasting 340 s, which then drifted
to a slightly more negative value until the end.
During deposition less hydrogen bubbles evolved and there was no flaking or
delamination. Deposited films also had a bright shiny finish. The chips were then
further processed to release the test structures and microscope images of the
these are shown in Figure 4.34. It can be clearly seen the stress in the films
Figure 4.34: Microscope images of NiFe samples plated in bath containing NiCl2,
FeCl2, H3BO3 and Saccharin (varying) - concentrations shown in Table 4.33
has been significantly reduced as a result of introducing saccharin into the bath.
Pointer arm rotations were extracted from the plated chips and these have been
plotted in Figure 4.35 which shows the correlation of strain (pointer rotation) with
plating e ciency. The plating e ciency increased from 17% (without saccharin) to
Figure 4.35: E↵ect of saccharin on plating e ciency and strain of NiFe films;
Bath: NiCl2, FeCl2, H3BO3 and saccharin (varying)
4.4. E↵ects of Plating Conditions and Additives 107
around 90% with the addition of 3 g/l of saccharin. Pointer rotations (strain) also
significantly decreased with the addition of saccharin. The increase in saccharin
concentration from 1 - 4 g/l did not appear to show a noticeable change in either
the appearance or strain of the film.
The magnetic hysteresis of the samples are presented in Figure 4.36. The mag-
Figure 4.36: E↵ect of saccharin on magnetic hysteresis of NiFe films
netic flux at any applied magnetic field is shown to increase while the coercivity
decreased significantly in the presence of saccharin. It was also observed that the
hysteresis was near identical for the 2 and 3 g/l saccharin. When comparing the
hysteresis of plated nickel samples where the magnetic flux at 10 Oe was < 0.5
nWb (Figure 4.17), the 10 times increase in magnetic flux is correlated to the
increase in the Fe% in the film making the material softer.
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Table 4.4: Ni/Fe/boric acid/saccharin bath composition and plating current
densities investigated
Bath contents Concentration/M Concentration/(g/l)
NiCl2.6H2O 0.4 95.2
FeCl2.4H2O 0.015 3.0
Boric Acid 0.4 24.0
Na-Saccharin 0.005 1.0
Current Density (mA/cm2) 10, 15, 20, 30, 40
Target thickness (µm) 5
Temperature ( C) 24 ± 1
pH 2.6 ± 0.2
The e↵ect of plating with di↵erent current densities was investigated using the
bath composition detailed in Table 4.4. All samples were plated to the same target
thickness of 5µm and the corresponding (potential vs. time) plots obtained are
shown in Figure 4.37.
Figure 4.37: Potential vs. time plots of NiFe plating with di↵erent current
densities (10 - 40 mAcm 2); Bath: NiCl2, FeCl2, H3BO3 and saccharin (1 g/l)
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Figure 4.38: Microscope images of NiFe released test structures plated in bath
containing saccharin and boric acid
The first observation is that little or no hydrogen gas bubbles were seen evolving
from the surface and the plating potentials were steady throughout the deposition.
The samples also had bright and shiny finish with no film delamination at any
plating current density. Microscope images of the released test structures are
shown in Figure 4.38 and a low pointer rotation was observed compared to samples
plated with bath not containing saccharin.
The plating e ciencies and strain (pointer rotations) with respect to plating
Figure 4.39: Bath: NiCl2, FeCl2, H3BO3 and saccharin. The e↵ect of plating
current density on strain (pointer arm rotation) and plating e ciency
current density is shown in Figure 4.39. The e ciency was shown to increase
to a maximum of 90% at 20 mAcm 2 which then decreased for higher plating
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current densities (di↵usion limited). With saccharin in the bath it was interesting
to note the e↵ect of e ciency on strain did not correlate inversely as observed
in its absence (compare Figures 4.22 and 4.24). Pointer rotations decreased with
decreasing e ciency which was interesting as the strain in film was observed to
increased with low plating e ciency for all samples plated previously. Therefore,
to investigate further film iron composition was measured and it can be observed
to be correlated with strain in Figure 4.40. The correlation between the strain
Figure 4.40: Plot showing the e↵ect of plating current density on the film Fe%
and strain (Bath: Ni(II), Fe(II), boric acid and saccharin)
and Fe% was calculated as 0.98 which shows a strong relationship between the
two parameters. The Fe% in film was also observed to change linearly with the
plating current density. 32% Fe was achieved at 10 mAcm 2 and 22% Fe at
40 mAcm 2 which yields an approximately 3.3% decrease in iron with every 10
mAcm 2 increase in current density for a bath containing 0.4 M NiCl2 and 15
mM FeCl2.
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Figure 4.41: Bath: 0.4 M NiCl2, 15 mM FeCl2, 0.4M H3BO3 and 5 mM (= 1
g/l) Saccharin. Magnetic hysteresis of films plated at di↵erent current densities.
The magnetic hysteresis of each sample was plotted and is shown in Figure 4.41.
Very slight or no change in the magnetic response with the applied external mag-
netic field was observed between samples. This is unexpected as a 10% change in
Fe% would be expected to alter the material softness and ferromagnetic responses
but this was not observed in the magnetic hysterysis plots.
In this study the addition of saccharin (1 g/l) in a NiFe bath has shown to reduced
strain levels by ⇡ 70%, yielding films with a bright and smooth finish. The e↵ect
of saccharin composition has also been investigated which showed no variation
in plating e ciency and strain. Maximum e ciency (90%) was obtained from 3
g/l saccharin which also produced a film with the highest magnetic saturation.
Lowest stress was also achieved at plating current density of 40 mAcm 2 while the
highest e ciency (>90%) was obtained at plating current density of 20 mAcm 2.
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4.5 Summary
MEMS test structures have been fabricated on 1.3 ⇥ 1.7 cm Si chips which have
shown to be capable of characterising strain in Ni and NiFe films plated in a beaker
level setup. Numerous bath chemistries have been investigated to show that small
changes in the plating conditions can lead to changes in film characteristics such
as intrinsic stress, texture and magnetic properties.
The e↵ect of hydrogen evolution has been shown to be a prominent factor influ-
encing the plating e ciency and also the resulting structural properties of nickel
plated from a pure nickel bath. Low stress nickel films were achieved from low
concentration of nickel(II) (0.1 M to 0.4 M) plated at low current densities (5 -
20 mAcm 2).
The e↵ect of boric acid and saccharin on NiFe was investigated and the following
table summarises the optimum bath parameters and conditions to achieve low
stress NiFe films:
Table 4.5: Recipe for achieving low stress NiFe films
Bath contents Concentration
NiCl2.6H2O 0.4 M
FeCl2.4H2O 3 g/l (depends on film target Fe%)
Boric Acid 0.4 M
Saccharin 3 - 4 g/l
HCl (aq) (variable) for pH adjustment
DC Plating current density / (mAcm 2) 20 - 30
Expected film Fe composition 20 - 25 %
Temperature ( C) 24 ± 1
pH 2.6 ± 0.2
This work provides the platform for further optimisation and demonstrates an in-
creased understanding of processes windows which have been employed in further
chapters where industrial scale baths have been employed to achieve low stress
and high e cient NiFe films.
Chapter 5
Wafer-level Strain Measurements
and Correlations with other
Properties of NiFe Films
5.1 Introduction
Nickel-iron alloys are of increasing interest in MEMS technology because of their
excellent magnetic properties, which have applications related to magnetic actua-
tors, integrated microscale inductors and transformers, where high magnetic flux
densities are required. For typical applications, thicker films result in improved
performance, although the stress developed during deposition and other process
steps can potentially result in unacceptable wafer bows and, in extreme cases,
cracking and delamination. Therefore, understanding the mechanisms of stress
development within plated films, with the aim of optimising process conditions
to minimise induced stress, is of great interest [135, 100, 173, 152].
MEMS strain test structures with small scale beaker level experiments, has been
used to characterise plated Ni and NiFe films, as described in the previous chapter
4. It was shown that even minor changes in plating parameters a↵ected intrinsic
strain in the deposited film. This data was correlated with other measured quan-
tities such as film composition, plating e ciency and plating potentials which
proved to be an important aspect of understanding the origin of stress in the
deposited film. However, this ECD study was carried out on smaller chips, and
so the results will not necessarily directly transfer to wafer deposition as, for
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example, the current crowding e↵ect will be significantly di↵erent. Hence, a full
wafer comparison is required and this chapter, reports the spatially mapping of
stress in NiFe films on 200 mm wafers. It also investigates for the first time the
spatial correlations between parameters such as Young’s modulus, film thickness,
film composition and sheet resistance. This technique of visualising variations on
wafer level helps facilitate multi-parameter optimisation in order to achieve ECD
films with ideal characteristics.
5.2 Experimental
The aim of this study was to compare the e↵ect of di↵erent thermal annealing
procedures on the stress developed in NiFe films plated on 200 mm wafers.
Two double side polished1 wafers (W1 and W2) were patterned with 7.5 µm thick
Table 5.1:
Ni-Fe bath composition and conditions
Parameter Value
NiCl2.6H2O (g/l) 110 or 0.4 M (98.9%)
FeCl2.4H2O (g/l) 1.0 or 5 mM (1.1%)
Boric acid (g/l) 25
Saccharin (g/l) 1
Na dodecyl sulphate (g/l) 0.1
NaCl (g/l) 5
Bath volume (litre) 35
Bath temperature ( C) 24 ± 1
pH 2.6 ± 0.2
Anode material Solid Ni pellets
Agitation method Pump with adjustable nozzle spray
Plating current density 20 mAcm 2
1. Wafer curvature measurements were also obtained for these wafers which required the
backside surface to be highly reflective for the laser in the FSM system (section 2.4.1.1)
5.2. Experimental 115
photoresist (SPR220-7) and NiFe strain test structures were electroplated using
the bath recipe detailed in Table 5.1. The electroplating regime (20 mAcm 2) was
selected as it reflects the requirement in manufacturing for high deposition rates
and hence any resulting wafer level non-uniformities would be of significant inter-
est. After ECD and seed layer stripping, the test structures on W1 were released
first and subsequently heated to 150  C for 10 mins on a hot plate, while the
second wafer (W2) was annealed using an identical temperature-time profile and
then test structures released by the HF vapour etch. Wafer curvatures have also
been measured for both wafers after each process step. Details of the fabrication
procedure can be found in section 3.4.1. Besides plating these patterned wafers
another blanket film was deposited using identical plating conditions and wafer
bow was measured before and after the anneal step as part of the comparison.
5.2.1 Wafer plating tool
The plating tool was custom built 2 (Figure 5.1(a,b)), being specifically designed
for process development, as it allows quick bath changes and can accommodate
wafers of di↵erent sizes, from 75 mm to 200 mm diameter, in sealed wafer holders
as shown in Figure 5.1(c). This tool has two 35 L tanks that can host two
di↵erent chemistries (namely NiFe and Cu), with connections to a single current-
controlled DC rectifying power supply with 2 independent channels, each capable
of supplying a maximum of 20 A / 16 V.
Su cient agitation is performed using a pump which, for this experiment, sprays
a stream of electrolyte vertically upwards from bottom to top directed towards
a point above the centre of the cathode (wafer). Figure 5.2 shows a schematic
image of the agitation setup during the plating process of W1 and W2.
The geometry and the characteristics of the tool introduce a number of non-
uniformities in the processing conditions, which are then reflected on the elec-
trodeposited films. Although not ideal for production, this configuration is useful
2. Built by Plating Engineering Ltd, Unit 9 Poplar Drive, Witton, Birmingham, B6 7AD,
http://www.pe-limited.com/
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Figure 5.1: (a) SMC plating tool (b) NiFe plating tank showing the electrical
contact rods (c) 200 mm wafer holder for plating
Figure 5.2: Schematic of agitation setup used for plating W1 and W2. Jet nozzle
is directed just above the center of the wafer.
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to determine the e↵ects of di↵erent processing parameters on the electroplated
films.
5.2.2 Measurements
Strain measurements were made on the suspended rotating strain structures along
with parametric electric measurements such as sheet resistance and linewidth on
the Greek-cross and suspended bridge test structures (see sections 2.5.1 and 2.5.2
for details). Film thickness and compositional ratio of the plated films were wafer
mapped using X-ray fluorescence (see section A.2.4).
Specific attention was paid to the e↵ect that di↵erent heating regimes had on the
development of stress within the NiFe film, with stress and resistance measure-
ments made before and after the high temperature steps.
5.3 Results and Discussion
5.3.1 Pointer Arm Rotation Measurements
Figure 5.3 shows the pointer arm rotation (strain) map of W1 which was annealed
after release. A spatial pattern can be observed, suggesting ⇠50% more rotation in
the top middle part of the wafer. Closer to the bottom half, lower rotation values
range from 0.3  - 0.8 , forming a crescent shape. Rotations from 200 test structures
located in these regions (marked with a cross on Figure 5.3) have been analysed
and plotted with respect to the arm separation - linewidth ratios in Figure 5.4,
with a 2  standard deviation. Trends show that the sensitivity of the arms peaked
at a separation ratio 1.75 where the pointer rotation is (60 ± 5)% greater. Test
structures with the separation ratios 1.5 and 2.0 show similar rotations, within
the standard deviation. A clear di↵erentiation between the edge and top section
of the wafer confirms the pattern observed in the wafer map.
Figure 5.5 presents the pointer arm rotation (strain) map of W2 which was an-
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Figure 5.3: Pointer arm rotation map (strain) of W1 showing the spatial
variation around the 200 mm wafer. No structures were present in the region
marked in white.
Figure 5.4: Average pointer arm rotations from W1 plotted against arm
separation ratio taken from middle and edge of wafer (positions marked with
a cross in Figure 5.3)
nealed before release. Significantly higher rotations compared to W1 are observed.
Strain variation is greater on W1, with W2 having a more uniform spread.
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Figure 5.6 presents rotations plotted with respect to the arm separation:arm
Figure 5.5: Pointer arm rotation map (strain) of W2 showing the spatial
variation for the 200 mm wafer. No structures were present in the region marked
in white.
width ratios also with a 2  standard deviation. A maximum rotation of '4.5 
can be observed for  Y/W of 1.5 and 1.75. Higher rotations were also observed
around the top section of W2. These results suggests that ECD NiFe retains more
stress if heated before release. This observation could potentially be useful in the
correct placement of thermal annealing steps within the process flow, if suspended
NiFe structures, such as micorswitches, are required.
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Figure 5.6: Average pointer arm rotations from W2 plotted against arm
separation:width ratio taken from middle and edge of wafer (positions marked
with a cross in Figure 5.5)
5.3.2 Young’s Modulus
To further understand the di↵erences in the mechanical properties of the two
films, nanoindentation measurements3 were conducted on the Permalloy used
for the rotating pointer arm structures (method described in appendix A.2.3).
This employed a Hysitron triboindenter tool with a Berkovich diamond tip which
indents through the surface of the material using a controlled force regime, while
measuring the response of the film. The wafer chuck of the indenter could not
accommodate a 200 mm wafer, therefore both wafers were cleaved to quarters.
Figure 5.7 shows the spatial distribution of the Young’s modulus across the
entire surface of W1 and W2. These were obtained by divided the surface into
65 locations where individual nano-indentation measurements were performed.
Each of the coloured squares in the figure represents the average of 4 indentation
measurements taken on 4 points on the anchor areas of the electroplated film.
The measured values for W1 (left) cover a range from 60 to 110 GPa, which is
significant, given the statistical variation within each set of 4 measurements of
3. Nanoindentation measurements were performed in collaboration with co-worker, Giuseppe
Schiavonne, and the obtained results have been jointly published [174]
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Figure 5.7: Shows the wafer maps of Young’s modulus for W1 and W2 obtained
using nano-indentation
3 to 10%. Smaller, but still significant variations were observed for W2 (right),
with Young’s modulus ranging between 30 and 180 GPa, with similar tolerances.
The nominal value of Young’s modulus for NiFe alloys is reported in the literature
is around 200 GPa [175]. Electroplated film properties such as Young’s modulus
significantly di↵er from bulk materials, and reporting correct values for their
properties is a challenging task as a huge number of parameters that describe the
growth process have to be taken into consideration. In particular, the expected
values for Young’s modulus are significantly lower than the reported bulk values
because the electroplating process causes organic molecules from the bath addi-
tives, as well as voids, to be included in the film while it grows, a↵ecting primarily
the grain structure and therefore the material density [70]. Furthermore, the films
characterised in this work have been deposited by DC electroplating, in a high
current density regime (⇠ 20 mAcm 2). These conditions are known to result in
less uniform deposition dynamics, with relatively little grain rearrangement and
the presence of a higher number of defects in the film, which again reduced the
value of Young’s modulus.
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5.3.3 Spatial Stress Maps
Finite element analysis curves of simulated pointer arm rotations corresponding to
the specific Young’s modulus values were then created for di↵erent stress ranging
from 25 MPa to 400 MPa and this is shown in Figure 5.8(a). Using this alonf with
the measured pointer rotation data (Figures 5.3 and 5.5) and the Young’s modulus
(5.7) obtained from nano-indentation, a residual stress map was constructed which
is shown in Figure 5.8(b). It can be observed that these values range between 60
and 150 MPa for W1, and from 50 to 220 MPa for W2. It is satisfying that these
residual stress levels fall within the ranges reported in the literature for similar
films [139] [138]. It is interesting to note that the higher stress areas do not
correspond to areas with higher pointer rotation; on the contrary the associated
wafer maps indicate these to be the least subject to stress. The highest stress
levels are found for the sti↵est portions of films localised on the lower right edge
of both wafers, where slightly lower rotation angles are observed. A comparison of
these results with the conventional wafer bow method is presented in the following
section for further verification.
5.3.4 Stress Comparison with Conventional Wafer Bows
As mentioned earlier in this chapter, a non-patterned wafer (blanket) was plated
under the same plating conditions as W1 and W2. This wafer had bow measure-
ments conducted after annealing. A final bow height of 187 µm was obtained,
which translates to 194 MPa residual stress. This value is similar to the mean
stress calculated for W2 (172 MPa) which was annealed before release. However,
due to large spatial di↵erences of stress on the patterned wafers, W1 and W2,
a mean value cannot be used to compare with the blanket wafer curvature mea-
surements.
During the processing of the above wafers (W1 and W2) the wafer bow was also
monitored at each stage in the process and these results are shown in Figure 5.9.
Comparing this set of data with the blanket deposited film confirms that the
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Figure 5.8: (a) FEA curves simulating the pointer arm rotation angle in response
to the relief of tensile residual stress for various YoungâĂŹs modulus values (note
that the graph shows only part of the complete plot for ease of viewing) (b) Stress
maps calculated from pointer rotation (strain) map and local Young’s modulus
map
patterned wafers have less overall bow than the blanket deposited wafer, which
indicates that patterning relieves some of the stress in the NiFe film.
Figure 5.10 illustrates the bow heights for W1 and W2, going through di↵erent
process stages. It can be seen that every fabrication step contributes to the overall
stress of the wafer and for the recipes used, each wafer is converted from a negative
5.3. Results and Discussion 124
Figure 5.9: Wafer bows for the patterned wafers measured after each fabrication
stage
Figure 5.10: Maximum bow height for the patterned wafers
to a positive bow height, indicating a change from an overall compressive to tensile
stress.
It is important to remember that a wafer bow measures the overall stress, which
is the combined sum of all stresses contributed by the individual layers stacked on
the wafer being studied. Hence, the resulting bow depends on the e↵ect of process
conditions and variations on each layer. In this case, for example, W2 exhibits
a lower final curvature compared to W1 (although not too di↵erent), which is
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in contradiction with the results illustrated in Figure 5.5, where the rotation
maps show lower strain in W1 compared to W2. Wafer bow can therefore, be
misleading as the observed change in wafer bow may not be due to the ECD
film under investigation. This observation illustrates the greater potential of
the test structure approach compared with the more conventional wafer bow
measurements.
5.4 Correlation of wafer maps
5.4.1 Iron Composition
To understand the origin of the spatial stress patterns on the two wafers, iron
composition was measured (using XRF), on one structure per chip. The maps
obtained were correlated with the strain map and these are presented in Figures
5.11 and 5.12, for W1 and W2 respectively. It can be observed that the spatial
strain map for both wafers follow a similar pattern to the iron composition of
wafers (especially W1). Correlation numbers greater than 0.8 for both wafers are
obtained, which indicated that stress is correlated with the percentage of iron
deposited. It should be noted that the wafer was located in the holder shown in
Figure 5.1 and its recessed position may a↵ect the flow dynamics of the electrolyte
(Figure 5.2). Hence, regions (top-middle) of the wafer that received a direct jet
of electrolyte would have a vigorous or turbulent flow pattern, a↵ecting the iron
distribution and structural properties of NiFe. This particular observation has
been confirmed by changing the bath agitation setup which is discussed later in
the chapter.
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Figure 5.11: Correlation between pointer arm rotation (strain) map and iron
composition for W1. Correlation number = 0.87 was calculated which shows a
strong relationship between the two quantities
Figure 5.12: Correlation between pointer arm rotation (strain) map and iron
composition for W2. Correlation number = 0.81
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5.4.2 Film Thickness
Figure 5.13 presents the spatial distribution of film thickness for W1 and a clear
radial pattern can be observed, with 5 µm with thick layer at the centre increasing
to 6 µm at the outer edge. The average film thickness measured for W1 was
5.3µm. The thickness gradient from edge to center could arise from the current
crowding or the low plating e ciency caused by the absorption of hydrogen in
the metal which may be inhibiting the nickel deposition. Non-uniform agitation
may contribute to the plating e ciency drop, as observed by Andricacos et al.
[176], and this may lead to thickness and composition variations. A correlation
factor of 0.63 was obtained between the stress pointer rotation and film thickness
maps which is less than that observed with the iron composition map.
Figure 5.13: Correlation between pointer arm rotation (strain) map and film
thickness for W1. Correlation number = 0.63
A very similar radial pattern of thickness variation was observed for W2, which
is shown in Figure 5.14 which shows a lower correlation (0.52) with rotation
compared to that observed with W1. With W2 showing a thinner film in the
center ⇠ 4.75µm and thicker around the edges (5.5µm - 6.0µm) the similar profiles
of both wafers suggest the thickness variation results from the same causes.
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Figure 5.14: Correlation between pointer arm rotation (strain) map and film
thickness for W2. Correlation number = 0.52
Electrical cross-bridge test structures were also measured and wafer maps ob-
tained for W1 and W2 at 23 C and in the absence of any magnetic fields. The
correlation with film thickness is shown in Figure 5.15. The correlation numbers
for W1 = -0.82 and W2 = -0.86 were obtained which were expected as the
electrical resistance of metal is inversely proportional to its thickness (R = ⇢ lA).
Negative correlation number therefore appear as the thinner regions have higher
resistance. The radial patterns observed show a lower resistance around the
perimeter of both wafers. Film thickness, linewidth, bridge resistance and the
length of the bridge (240µm) were used to calculate the electrical resistivity (⇢) of
the plated films and spatial maps were obtained and are shown in the third column
of Figure 5.15. Observing the di↵erent sets of spatial measurement together makes
it easy to correlates the di↵erent parameters. It can be seen that the resistivity
of the film is much higher in the center (2.8 - 3.0 ⇥10 7⌦m) than the sides
(2.2 2.4⇥10 7⌦m). The resistivity peaks (3.2⇥10 7⌦m) at the top of the wafer
where the strain and %Fe is maximum. From these observations, the structural
properties of the material are clearly influenced by the alloy composition which
is expected, although its origin is still unclear.
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Figure 5.15: Plots of the spatial variations of film thickness, bridge resistance
and electrical resistivity for W1 and W2
5.4.2.1 Spatial strain in plated nickel
To further investigate the e↵ect of Fe% on strain, a fresh nickel bath was prepared
in the adjacent tank, with the aim to characterise spatial strain in a nickel only
film. The concentrations of NiCl2(aq) and other additives were as detailed in
Table 5.1, except that there was no FeCl2 in the bath. Nickel was plated and
annealed under the same conditions as the NiFe wafer (W2). Test structures were
released and pointer rotations (strain) measured before and after anneal.
Figure 5.16 shows the resulting strain maps and there are some prominent features
worth further discussion. Clockwise rotations were found everywhere on the wafer
indicating tensile stress. The strains before annealing shows a prominent pattern
with more rotation in the top-middle of the wafer. A radial ring pattern around
the perimeter of the wafer comprised of structures with lower rotations. A similar
pattern was observed for the NiFe wafer (W1). After annealing the rotations
increased considerably and the strain patterns appear more prominent. Further
statistics on 200 test structures were carried out and the resulting rotations were
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Figure 5.16: Wafer maps of pointer arm rotation (deg) plated in Ni (W0), before
and after annealing
plotted against the arm separation:width ratio (  Y/W), shown in Figure 5.17.
The pointer rotations show no trend with separation ratio within the standard
deviations. Around the top-middle of the wafer, average rotations of 0.75  ± 0.4 
and around the edges 0  ± 0.5  were observed before annealing. The increase in
rotation upon annealing is observed and again the consequence of the flow pattern
Figure 5.17: Average pointer arm rotations from nickel test structures plotted
against arm separation ratio taken from middle and edge of wafer (positions
marked with a cross in Figure 5.16)
is clearly visible in terms of non-uniformity in strain in di↵erent parts of the
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wafer. The non-uniformity in agitation across the film surface has been shown to
produce a film with higher strain in regions receiving the direct flow of electrolyte
from the jet nozzle. The influence of hydrogen evolution on plating e ciency was
examined previously on chip level experiments (Section 4.4.2) and a inversely
proportional relationship was observed between strain and the plating e ciency.
The reduction of Ni2+ and H2O to nickel metal and hydrogen gas is known to occur
simultaneously, within the same potential regimes. Hydrogen could either evolve
from the newly deposited nickel surface and escape the solution as a gas bubble or
it could absorb in the deposition irregularly forming voids and cracks. In various
studies it has also been shown that in an inadequately agitated nickel bath, films
produced are dull with streaks and pits mainly due to hydrogen bubbles adhering
to the surface during deposition [177][178][179][180]. In another study by Hovestad
et al. the rate of agitation has shown to a↵ect the codepositon in two opposite
ways. Increased agitation, with laminar flow, results in a larger particle composite
content by enhancing the particle transfer, from bulk of the electrolyte to the
cathode surface. Conversely, too much agitation (turbulent flow) may decrease the
particle composite content because particles are ejected from the surface before
being incorporated [181][182][183]. A well agitated bath will facilitate the removal
of hydrogen adhered to the cathode, which is essential to produce bright and
shiny films [184]. However, agitation alone might not block the hydrogen ions
penetrating and absorbing into the metal film. The high strain pattern in the
regions with direct nozzle flow (Figure 5.16) may suggest this phenomenon. Upon
release the film may still contain entrapped hydrogen embedded in the nickel film
thus showing low strain value. Soon after annealing, hydrogen entrapped within
the metal di↵uses out, relaxing the film, thus increasing its tensile stress. This is
possibly the reason why a change in rotation was observed in regions with a more
vigorous agitation.
The next set of experiments were carried out to qualitatively verify the e↵ect of
changing the bath agitation on the film spatial properties such as Fe% and strain.
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5.5 E↵ect of Film Thickness and Agitation
Three more wafers were processed in the original Ni-Fe bath with chemical compo-
sitions summarised in Table 5.1. The current density was fixed to 20 mAcm 2 for
these three wafers, while the plating times set at 12, 24 and 36 mins to achieve
a target plating thickness of 2.5, 5 and 7.5 µm respectively (Table 5.2). The
Table 5.2: Thickness and agitation parameters for plated NiFe films
Wafer ID Plating time (mins) XRF measured thick-
ness (µm)
Agitation
W3 12 2.5±0.5 Yes
W4 24 5.0±0.5 Yes
W5 36 7.5±0.5 No
agitation in the plating bath has also been changed with respect to the previous
experiment. On this occasion, the jet nozzle has been directed diagonally towards
the top left for W3 and W4 (shown in Figure 5.18). W5 has been plated without
Figure 5.18: Schematic of agitation setup used for plating W3 and W4. Jet
nozzle is directed to the top-left of the wafer, also note the angle of the nozzle
has changed compared to the previous setup shown in Figure 5.2
agitation to gather additional information about the influence of zero flow on the
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properties of the films. All wafers had the test structures released prior to a 10
min / 150 C anneal. The corresponding strain maps and alloy composition are
presented in the following section.
5.5.1 Pointer rotation maps
Figure 5.19: Pointer rotation maps of W3 (film thickness 2.5 ±0.5µm ) before
and after anneal
Figure 5.19 shows the strain (pointer arm rotation) maps of W3 (2.5 µm) before
and after annealing. With the direction of agitation nozzle changed, the strain
pattern is clearly noticeable. As mentioned previously the wafer is recessed in
the holder, and with the fluid flowing upwards there is a high turbulence flow
expected at the top of the wafer. This region produced films with di↵erent strain
levels compared with the levels observed at the bottom perimeter. The pointer
rotation varied from 2  at the center to 4.3  at the top with the bottom half of
the wafer surprisingly having very low rotations (0  - 0.5 ). Upon annealing at
150 C for 10 mins, stress is seen to increase.
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Figure 5.20: Pointer rotation maps of W4 (film thickness 5.0±0.5µm ) before
and after anneal
W4 plated with NiFe film thickness (5 µm) underwent the same annealing process
and the strain maps obtained are shown in Figure 5.20. Identical strain pattern
can be observed, which surprisingly are more prominent in this case. The angles
ranged from 2.0 -2.5  close to the center, while maximum strain can be observed
at the top of the wafer (5 -7.5 ). A slight increase of rotation (⇡1 ) with respect
to thickness has been recorded but with a measurement uncertainty of ±0.5 , this
change is insignificant.
Figure 5.21 shows the comparison of the film Fe% for W3 and W4. It was
observed that the depletion of Ni 2+ enhances the proportion of Fe2+ reduced in
that region, where the agitation jet nozzle stream was directed (turbulent), with
around 35% iron observed with respect to the rest of the wafer. Regions, where
it is postulated that the agitation was more e↵ective, plated only 8-10% iron. A
direct correlation between the film strain and iron composition has been observed
yet again, which has been discussed earlier in Chapter 4.
AFM scans were performed on W3 to investigate any tangible di↵erence in the
topology. Figure 5.22 shows morphology profiles of the electrodeposits, taken at
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Figure 5.21: Spatial variation of film Fe% for W3 and W4 obtained using XRF
Figure 5.22: AFM scan of three di↵erent regions on wafer W3 after annealing
where the iron compositions were (a) 28%, (b) 17% and (c) 13% respectively
the top, middle and bottom of the wafer where the average iron compositions
were 28%, 17% and 13% respectively. The surface roughness increases from top
to bottom, with measured values of 46 nm, 140 nm and 190 nm respectively, as
a results of the non-uniformities introduced by the agitation in the bath.
Figure 5.23 shows maps of W5 which looks very di↵erent from those discussed
previously. This was the wafer plated with no agitation and it can be seen that
the film strain is very low and far more uniform over the surface. Annealing does
not change the rotations, which may suggest that the film is already relaxed as
it may have been deposited will a low hydrogen inclusion within the grains. The
Fe% distribution on this wafer is much lower (⇡ 7%) but more uniform compared
to the previous wafers.
5.5. E↵ect of Film Thickness and Agitation 136
Figure 5.23: W5 Strain map (a) before anneal (b) after anneal (c) Spatial maps
of film Fe%. W5 was plated at 20 mAcm 2 to achieve a 7.5µm thickness and NO
agitation was used
In summary, the rotation pattern of the stress structures reflected the fluid
flow pattern in the bath, following a similar distribution to that seen for iron
composition and less prominently for the overall film thickness. Due to the high
density of stress test structures on the wafer the pointer arm rotation maps
shows a more detailed stress pattern in the NiFe film. The maps also illustrate
that annealing uniformly increases the rotation angles over the wafers, adding
an additional 1.5  on average for W3 and W4. By comparing results for the
two wafers we see that before annealing the rotation was greater for the thicker
deposits (W4). W5 was plated in a stagnant bath which produced a film with low
compressive stress, which may suggest that the film is less defected and the grains
are already in a relaxed state. No significant change in rotation was observed
after annealing. The most uniform film iron composition was also achieved in the
absence of agitation.
In a previous study of nickel deposition on rotating disc electrodes conducted by
Andricacos et al. [176] the data showed that in a nickel only bath there was no
e↵ect of agitation on the nickel deposition reaction. At two di↵erent rotating disc
speeds (100 and 1600 rpm) the Tafel plots exhibited the same slopes. But in the
presence of Fe2+, the polarisation curves are shifted more negative (cathodic)
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which may indicate that Ni deposition is inhibited when Fe is codepositing.
Another observation was that at a low rpm the Tafel slopes were similar to that of
pure nickel. Increased agitation accentuated the inhibition e↵ect, but only in the
potential region where the Fe deposition reaction was mass-transfer influenced.
As the Fe(II) in the bath is just 1.1%, compared to Ni(II), this observation could
suggest that the inhibition e↵ect is primarily dependent on the flux of Fe2+ to
the electrode surface. This may explain the high iron content in regions with a
direct jet spray as can be observed in Figures 5.11 and 5.12.
5.6 Conclusions
The key properties of electroplated NiFe films for MEMS applications have been
spatially investigated using a combination of test structure measurements and
other characterisation techniques. The power of the approach presented in this
work is the wafer mapping of all the important performance parameters of the
electroplated film, thereby providing an excellent visualisation of their variation
and interactions.
This approach can potentially be applied to any micromachined material using
test structures and can be employed to optimise processes by providing a means
to monitor residual stress non-uniformities resulting from specific process steps
used during the microfabrication process. The measured tensile residual stress was
mapped at the wafer scale for two NiFe films electroplated on 200 mm Si wafers,
yielding values ranging from ⇠50 MPa to ⇠220 MPa. Blanket wafers were also
plated and Stoney’s equation was used to calculate the overall stress of this wafer
which matched the stress values obtained from the test structures.
This work has also highlighted that the sheet resistance wafer map, as should be
expected, correlates with the current density distribution during the electroplating
process and therefore the thickness of the plated film. Wafer mapped XRF mea-
surements have indicated that stress in NiFe films correlates with the electrolyte
agitation in the bath. This study also indicates that the stress test structure
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results are consistent with other measurements, and have advantages over wafer
bow measurements which are globally confounded with stresses contributed by
other layers.
The importance of agitation on iron composition and stress has been demon-
strated and is clearly an aspect of the ECD process that needs to be carefully
considered when electroplating permalloy. The relationship of plating e ciency
with hydrogen absorbing which may cause voids and ultimately more stress in
regions where there is turbulent agitation. Increasing the agitation increases the
probability of a lower concentration of metal ions reducing at the cathode surface,
while removing the agitation, at the chosen current density produces a more





Electrochemically deposited (ECD) copper is known to undergo room tempera-
ture recrystallisation. This is known as self-annealing and was initially observed
in 1944 [185]. ECD copper, patterned using the damascene process, is widely used
in the semiconductor industry for interconnects [186], and in this application it is
important to be able to characterise and ultimately control changes in film char-
acteristics which arise during self-annealing from the changes in microstructure
and grain growth with time. These changes can modify device behaviour, but
their e↵ect can be largely controlled by performing high temperature annealing
of the interconnect copper.
More recently, however, copper has been employed for other applications, such as
through silicon vias for 3D integration and the windings in microscale inductors
[187]. In some of these processes high temperature annealing of the ECD copper
is not possible and self-annealing has become an important issue which can
potentially a↵ect the reliability of circuits and devices. This room temperature
phenomenon is known to be initiated by dislocation and the di↵usion of grain
boundaries [188][189] and the metallurgical term ’self-annealing’, is used to de-
scribe the entire process [185].
Three stages with respect to time have been identified in this self-annealing
process, namely the incubation period, which shows little changes in the film
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characteristics, the transition period during which the film characteristics change
and the stable period, where there is no further change in film characteristics
[190]. Film resistivity and strain are the most important global parameters for
documenting the progress of self-annealing as the change in resistivity is closely
connected to microstructure evolution. These have been measured, in this work,
using test structures to characterise for the first time their variation both with
time and spatially across the wafer surface, to gain an insight into the rate and
spatial distribution of the self-annealing process across the wafer.
6.2 Experimental Technique
The aim of this study was to compare the e↵ect of di↵erent plating conditions
such as plating current density, bath additive:carrier ratio and film thickness, on
the self-annealing rates of ECD copper.
Three 200 mm wafers named (W1, W2 and W3) were prepared, with Cu electro-
Table 6.1: Copper bath composition and conditions for plating on 200 mm wafer
Bath contents Concentrations
Dow Intervia CuSO4.5H2O 120 g/l
Sulphuric acid 190 g/l
HCl 50 mg/l
InterVia Cu 8540A (Additive) 5 ml/l
InterVia Cu 8540C (Carrier) 5 ml/l
Temperature ( C) 24 ± 1
pH 1.0
Anode Bag Polypropylene
Agitation Spray nozzle agitation
plated using a bath with the chemical compositions shown in Table 6.1. Details
of the fabrication process are given in section 3.4.1. The test structure mask,
previously presented in Figure 3.12, was used to pattern 7.5 µm thick photoresist
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which acted as a mould for ECD. The first part of this study investigates the











W1 200 0.11 5.00
W2 200 0.22 10.0
W3 200 0.44 20.0
Target thickness for all wafers 3.5 µm
measurement system used to monitor the changes in copper strain and resistivity
over time consisted of a Suss Microtech PA200 semi-automatic prober, HP4062UX
based semiconductor parameter analysis equipment and a camera on the wafer
prober, all of which was controlled by a PC based LabView system. In addition to
electrical measurements the system captures images of the strain test structures
(see Chapter 3.8) and has been explicitly configured to ensure the reliability
and robustness of critical time sensitive measurements by removing any user
interaction during the process.
Figure 6.1 shows the location of the 190 structures that were measured on each
wafer. The choice of current for Greek-cross and bridge resistance measurements
was critical, as higher values can induce Joule heating which could escalate the
self-annealing process. Therefore, a series of currents were applied continuously
and the resistance change measured on a dummy wafer and the optimum currents
chosen were 100 mA for the Greek-cross and 0.05 mA for the Kelvin bridge resis-
tance measurements (detailed method described in [191][122]). The pointer arm
angle of rotation were recorded simultaneously with the resistance measurements
every 15 minutes for a total period of 45 hours.
After ECD, seed etch and test structure release the wafer was transferred to the
test tool where it was aligned and the test procedure executed within 15 mins.
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Figure 6.1: Chip and wafer layout of the 200 mm wafer with the 191 structures
shown in red
At this point the total time elapsed since the start of the copper deposition was
⇠60 mins (15 mins for plating, 5 mins for seed removal and 40 mins for the
release process). This delay before any measurements, needs to be considered in
the presentation of results, assuming that copper starts recrystallising as soon as
it is electroplated.
6.3 Results and Discussion
6.3.1 Resistance change
Figure 6.2 presents the three phases of recrystallisation namely incubation, tran-
sition and stabilisation which were observed from the resistance measurement of
a structure on W2. The incubation period can be seen as the constant initial
resistance, at the beginning, which stays constant for ⇠ 5 hours, before leading
into the transition regime where a ⇠ 20% resistance drop is observed. A steady
state resistance is finally achieved 14 hours later, which represents the end of
recrystallisation and is known as the stabilisation period. Having reached the
final resistance, identified as a dotted line in Figure 6.2, its magnitude has been
confirmed by re-measuring the same value on the structure 6 months later. These
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Figure 6.2: Resistance change of a copper test structure showing the three
periods of self annealing
three periods, identified in Figure 6.2, are of interest in defining the self annealing
characteristics of electroplated copper.
Figure 6.3 shows the change in bridge resistance for the top and middle structures
on the three wafers. The slowest decrease in resistance (0.115% per hour) can be
observed for W1. The exact period of recrystallisation for this wafer cannot be
judged from the 20 hours measurement, but a steady decrease was apparent.
A cross chip variation in the initial resistance value was also observed which
suggests non-uniformity in film thickness. W2 plated at twice the current density
(10 mAcm 2) annealed at a much faster rate with the bridge resistance decreasing
more than 1.50% per hour, while for W3 (plated at 20 mAcm 2) this drop was
the largest at 3% per hour during transition period. Unfortunately, there were
large variations between resistance of structure and also annealing rates, and
quantitative analysis could not be conducted on this data. Thickness measure-
ments were performed, using Dektak on six structures in the top and middle
of the wafer and 23.2% variations were obtained which could explain the above
anomaly. Upon further investigation, the additive and carrier concentrations in
the bath were measured (method described in Appendix B.4), which were 1 ml/l
and 3 ml/l respectively, while the expected concentrations were 5 ml/l for each.
This decrease in concentration with time of both additive and carrier would have
caused the film texture and thickness to vary for each plated wafer and therefore
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Figure 6.3: Variations in bridge resistance measurements taken from test
structures located at di↵erent locations on the wafers (a) W1 (5 mAcm 2) (b)
W2 (10 mAcm 2) and (c) W3 (20 mAcm 2)
had to be considered for future experiments.
6.3.2 Stress Test Structure
The strain test structure release process achieved a poor yield with 15% because of
stiction. Compared to nickel whose Young’s Modulus is ⇠ 200 GPa [192], copper
has a value ranging from 110-128 GPa [193]. This means that nickel is⇠60% sti↵er
than copper and the chances of copper buckling after release and sticking to the
substrate is much higher. Full wafer maps could not be obtained for any wafer,
however, results from some functioning structures are shown in Figure 6.4. An
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Figure 6.4: Pointer arm after release showing 0.5°anticlockwise rotation indica-
tion compressive stress in W1 (5mA cm 2)
Figure 6.5: Pointer arm position of a plated a test structures from the perimeter
of W3 (20mA cm 2) at times 1, 5 and 20 hours (from left to right)
anticlockwise rotation of 0.5  was recorded for W1 which indicates compressive
stress. Figure 6.4(a) shows the test structure after 30 hours which recorded no
change in rotation. Interestingly, a transition from compressive to tensile was
observed for W2, with angles changing from -0.3  to +1.6  during 30 hours.
Finally, W3 recorded the highest change in strain, from +0.2  to +2.3  within 20
hours, which can be observed in Figure 6.5. The pointer tip, for this structure,
can be observed to have buckled upwards after 20 hours which indicates an out of
plane distortion due to an additional stress gradient through the thickness of the
copper film. These strain test structures are well suited to measure both tensile
and compressive strain, provided that the expansion of strain is translated into
in-plane rotation and not buckling.
Both electrical and optical measurements were carried out simultaneously, but
only the electrical results have been wafer mapped, as the yield of the released
structures were poor as mentioned earlier. Figure 6.6 show the change in Kelvin-
bridge resistance for wafers W1, W2 and W3 measured 1, 5 and 20 hours after
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plating. Higher resistance around the perimeter of W1 is observed, however no
Figure 6.6: Resistance maps (from bridge test structures) for the 200 mm wafers
(W1, W2 and W3) for times of 1, 5 and 20 hours after electroplating
significant change in the pattern is recorded within the 20 hours. W2 however
shows a di↵erent resistance pattern compared to W1 with higher values recorded
in the left half of the wafer. A drop in resistance can also be observed after 20
hours. A di↵erent resistance pattern can be seen for W3 which changes as the
resistance drops 5 hrs and 20 hrs after deposition. It was surprising to see these
di↵erent variation across the three wafers, which could be because of the non-
uniform agitation and distribution of additives around the wafer surface which
caused the film thickness to vary considerably, however the exact reason was
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unclear.
Although this experiment proved to be successful, as a system in observing
resistance and strain changes simultaneously, it highlights the need to more
rigorously maintain bath additive/carrier concentrations to better understand
the e↵ect of various parameter settings.
Summary of experimental issues:
• Each wafer sample was plated and tested individually, with at least 2-3 days
di↵erence between successive samples.
• Bath conditions (additive/carrier concentrations) were not monitored for
each plated wafer.
• Strain structure release was not optimised for copper, resulting in a poor
release yield (< 25%) on all wafers.
• For best results, all wafers should have been plated with the same bath con-
ditions and tested simultaneously to rule out any temperature or humidity
variations in the test lab.
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6.4 Plating under controlled additive/carrier con-
centrations
6.4.1 Improved experimental setup
Based upon the results from the initial experiment, the following approach was
applied to eradicate the issues identified above. Firstly, the copper bath was re-
prepared, and a system was setup to monitor the additive and carrier concentra-
tion using a Titraplate CVS analyser (method described in Appendix B.4). In
addition, the e↵ect of these additives on the re-crystallisation of copper and the
non-uniformity in the deposited layer has also been taken into account. To make
sure the experiment proceeded under the same conditions, smaller 75 mm wafer
substrates were plated consecutively, but released and measured simultaneously.
The release method was optimised, in the Memsstar HF tool, to process four 75
mm wafers at the same time. It was also decided to deposit a thicker (1.5 µm)
sacrificial layer on each 75 mm wafer to make the release process more robust.
Finally, the HF vapour chamber pressures were also precisely monitored so to
minimise generation of water which could facilitate stiction during release.
The test prober was setup to measure four 75 mm wafers simultaneously to obtain
both electrical and optical properties. This was achieved by first aligning and then
physically glueing the 75 mm wafers on a larger dummy 200 mm wafer. This wafer
was mounted on the prober chuck and the test system run for 30 to 90 hours,
depending of the experimental requirements.
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6.4.2 The e↵ect of plating current density















1 0.11 5 2.5 5 5 1:1
2 0.22 10 2.5 5 5 1:1
3 0.44 20 2.5 5 5 1:1
4 0.66 30 2.5 5 5 1:1
Bath temperature = 23  C
In this study, four 75 mm wafers were plated with 2.5 µm Cu using the current
densities summarised in Table 6.3. The bath additive and carrier concentrations
were both kept constant (5 ml l 1). After plating, the test structures were released
and measured for changes in the resistance and strain.
Figure 6.7 shows the decrease in resistance with increasing current density ob-
tained from the as-deposited Cu films. This can be explained from the principle
Figure 6.7: Sheet and bridge resistance of as-deposited Cu films
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of electrocrystallisation where the rate of nucleation (!) 1 on the electrode surface
is exponentially related to the squared cathode polarisation (⌘) [195]:






where B and K are constants for a given metal at steady state conditions. This
suggests that the increase in cathode polarisation (which increases with the
plating current), will result in a large number of newly formed nuclei, producing
a denser film with a uniform grain distribution and a lower resistivity [196, 197].
Another factor is the possibility of organic impurity incorporation in the film as
a function of current density which can also e↵ect the arrangement of the grains
and the corresponding sheet resistance.
The wafers were measured for a further 90 hours, for changes in microstruc-
ture evolution, and the average bridge resistance with time has been plotted
in Figure 6.8. The three phases of recrystallisation can be clearly observed for
the wafer samples plated at low current densities (5 and 10 mAcm 2). While
for 20 and 30 mAcm 2 the incubation period have already passed during post-
plate processing (etch/release), so only the transition and stagnation periods were
captured. Another interesting observation was the rate at which recrystallisation
was taking place during the transition period. Slope of the sigmoid, representing
the rate of self-annealing during the transition period, has been calculated and
represented on the same figure indicated with an arrow. The slowest transition
was for W1 which occurred between 18 and 65 hrs with the resistance decreasing
at a rate of 0.52% / hr (1.9 m⌦ / hr). The largest change was observed for W4
where the resistance decreased at 5.90% / hr (' 14.2 m⌦ / hr). This clearly
1. Nucleation is the process of forming a nucleus and is considered to be a very important
process in metal deposition. The competition between growth and nucleation determines the
granularity of the deposit. The higher the nucleation rate during deposition, the finer are the
crystal grains of the deposit. On the other hand, the forms of the growing crystals determine the
general appearance and structure of the deposit. With a higher growth rate of the crystal grains
normal to the substrate surface, for instance, a fibrous structure of the deposit is obtained. Or,
with large developed crystal faces parallel to the substrate a brightening e↵ect can be achieved
[194]
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Figure 6.8: Normalised change in bridge resistance with time of samples plated
at di↵erent current densities
suggests that the self annealing rate increases with the plating current density.
The incubation and transition periods have been extracted from these plots and
an exponential relationship with current density was achieved as seen in Figure
6.9, which may correlate with the exponential formation of nucleation sites with
cathode polarisation. The acceleration in self-annealing observed here is expected
Figure 6.9: Incubation and transition periods extracted from the plots in Figure
6.8
as the crystalline defect density increases, when Cu2+ ions are forced to reduce at
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a fast rate, causing the Cu to segregate randomly around protrusions or corners
especially where the electric fields are high [196]. This would ease and speed up the
transformation process. It is also interesting to note that the incubation period is
always smaller than the transition period which also scales down with increased
plating current densities.
The randomness of copper reduction around protrusions as described above was
investigated by measuring the variations in resistances of a few individual grains
packed at the center of closely located Greek-cross test structures on W1, shown in
Figure 6.10(a). These have been compared with the standard bridge resistances of
Figure 6.10: (a) Greek-cross and (b) Kelvin bridge resistance measurements with
time obtianed from six tests structures located in the center of W1. The dashed
lines indicate the stabilised resistance measured 6 months after deposition
the same test structure in Figure 6.10(b)) and a variation in incubation period is
clearly visible, which suggests that the defect density of packed grains in the small
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geometrical area (8 ⇥ 8 µm) varies from structure to structure. The probability
of having an identical grain distribution on all the structures in this area is very
low, therefore variation in self-annealing rates are expected.
Conversely, on the Kelvin bridges structures, the resistance is measured over a
longer length (240 µm), which averages the resistances of all the grain configura-
tions in the path, hence providing a stable measurement of self-annealing rate over
time. From these observations and the discussion it can therefore be suggested
that both the initial nucleation process and the packed density of electrodeposits
determine the rates of self-annealing.
The bridge resistances were also mapped for the four wafers and are presented in
Figure 6.11. There was a peculiar high resistance patch on the bottom left region
of W1,W2 and W3. Upon investigation a small leak was found in the wafer holder
which may have caused an uneven current crowding, resulting the film to be 5%
thinner in this region. The average film thickness obtained of all four wafers was
2.3 µm with   = 3.7%, with films being slightly thicker in the center. However,
these films were more uniform compared to the previous experiment where the
additive (brighteners and levellers) concentrations were not monitored prior to
plating. The change in resistance at times 1 hr, 30 hr and 80 hr for W1 and 1 hr,
8 hr and 20 hr can be clearly seen from the colour change of all the wafer maps.
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Figure 6.11: Spatial variation of bridge resistance of W1-W4 plated at di↵erent
current densities, measured 1 hr, 30 hrs and 80 hrs for W1 and 1 hr, 8 hr and 20
hr for W2-W4 after deposition
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Correlation of resistance with strain
The strain test structures on all wafers had a high release yield of greater than
98% and the average pointer arm rotations with time are shown in Figure 6.12.
Due to low initial stresses only the notched structures have been included in the
Figure 6.12: Average pointer arm rotation (strain) changing with time for wafers
plated at di↵erent current densities
analysis as they have increased sensitivity. W1 showed an initial negative pointer
arm rotation of -0.5 (indicating compressive stress), which changed to positive
rotation (tensile stress) in a period of 27 hrs. After 80 hrs the final pointer arm
rotation recorded was 1.9 . Six months after deposition, the average rotation for
W1 was measured to be 2.1  suggesting that stabilisation to be attained between
80 - 90 hrs. W2 plated at 10 mAcm 2 showed a similar behaviour to W1, with
stress changing from compressive to tensile. It was interesting to observe that the
final stress values of W1 and W2 matching at around 2 . W3 and W4 recorded
a tensile stress at the beginning, with a clockwise pointer rotation (1.7 ), which
increased with time to stabilise at 2.75  for W3 and 4  for W4. The results suggest
that film stress increases with plating current densities, which also correlate well
with the time scales of the bridge resistance measurements for all wafers.
It is well known that the electrodeposited copper is in the thermodynamic metastable
state soon after the electrodeposition process completes [198] which is followed by
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microstructural evolution occurring at room temperature. As mentioned earlier,
higher current density would result in a high crystal nucleation rate that lead
to a fine-grained structure. The fine-grained structure would produce a large
amount of grain boundaries which can be assembled by impurities from the
organic additives present in the bath. This has been reported previously [199][200]
where the deposited film were analysed over time for carbon incorporation (indi-
cating organic impurities) using radio frequency glow discharge optical emission
spectrometry (RF-GD-OES) [201]. It was observed that during incubation period
C impurities di↵used towards the metallisation surface leaving the Cu layer. It
can be attributed from this and the strain plots shown in Figure 6.12 that soon
after the impurities di↵use the grain boundaries are unpinned releasing tensile
stress in the film which depicts film relaxation occurring during the transition
period. It can be concluded from this that the di↵erent current densities led to
the di↵erence of impurities and grain boundary density, thus the di↵usion rate
was di↵erent at varied conditions. The higher the current density, the denser the
film in terms of grain boundaries, resulting in a film with a low level of impurity,
which di↵use faster, accelerating the self-annealing process of ECD copper.
Figure 6.13 shows a further comparison of the spatial strain with bridge resistance
at t = 1 hr. Regions with a lower copper resistance arising from a thicker film ex-
hibit larger strains. A high correlation between the patterns can also be observed
on each wafer suggesting that the thickness dependence on stress is apparent.
The overall stress levels on each wafer are also observed to increase from being
compressive to tensile with the increase in the plating current density which can
be attributed to be arising from the di↵erences in defect density, as mentioned
earlier.
Thickness variations in the film, as observed from the spatial bridge resistance
maps, is also known to impact the self-annealing process [190]. Therefore a rigor-
ous analysis on the change in bridge resistance trend has been performed on each
structure extracting the total self-annealing time (incubation + transition period)
which has been presented in Figure 6.14. A cross-wafer variation in self-annealing
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Figure 6.13: Correlation of bridge resistance with pointer arm rotation map
periods is clearly observed on each wafer which can be correlated directly with
the spatial resistance maps in Figure 6.13. For W1 the right half of the film is
seen to anneal much slower than the rest of the wafer with stagnation achieving
greater than 30 hours. W2 showed a similar pattern which was more prominent
especially around the wafer periphery where copper is seen annealing slower than
the middle. Spatial variations can also be seen vaguely on W3 and W4 as these
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Figure 6.14: Spatial variations of total self-annealing periods (incubation +
transition) plotted for W1, W2, W3 and W4
self-annealed much faster (< 5 hrs) compared to W1 and W2.
Observing the cross wafer variation of copper self annealing, using MEMS test
structures, is a novel approach which has been employed in this work to investigate
the e↵ect of parameters such as the plating current density. With the strain and
electrical test structures located on the same chip it was possible to perform simul-
taneous measurements which resulted in obtaining a direct correlation between
the spatial evolution of the two quantities over time, which has never been re-
ported before. The high interest in the topic of copper recrystallisation especially
in the semiconductor industry where the performance of devices depend heavily
on the RC delays contributed by the ECD Cu interconnects, the characterisation
of these films is critical. However, employing the curvature method to perform
stress measurements, can provide only the average values which can be misleading,
as process non-uniformities can often cause variations in deposited film which
has been observed in this study. Tackling this issue using the test structure
technique has certainly provided an interesting insight on the recrystallisation
of ECD copper and has been employed further to study other bath parameters
which can influence this e↵ect.
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6.4.3 The e↵ect of additive and carrier
An acid copper sulfate system operated without organic additives yields deposits
of poor physical properties. Proprietary organic additives, such as Intervia 8540
manufactured by Dow Chemicals, are used to modify deposit characteristics
in semiconductor industry, with the particular type and concentration of these
components selected to enhance specific deposit attributes [202]. These organic
additives are employed to improve grain refinement, increase throwing power,
thickness uniformity and brightening of the deposit. Generally, there are three
basic types of additives used in acid copper plating: carriers, brighteners, and
levelers. (i) Carriers, also referred to as suppressors, are typically large molecular
weight polyoxy-alkyl type compounds [202][203]. Carriers adsorb at the surface
of the cathode and, in concert with chloride ion, act to suppress the plating
rate. (ii) Brighteners, also referred to as accelerators, are typically organo-sulfur
compounds [204] that increase the plating reaction by displacing adsorbed car-
rier. Brightener compounds may exist in several forms in electrolytic working
baths. (iii) Levelers are typically nitrogen-bearing aromatic compounds that act
by displacing brightener species in high current density sites (for example, at
protrusions). Adsorption of these additives at protrusions reduces the plating
rate in those regions [202].
This next set of experiments, therefore, involves investigating the e↵ect of pro-
prietary accelerator and suppressor Intervia 8540 A(additive2), C(carrier3) man-
ufactured by Dow Chemicals, which are widely employed in industrial plating
systems. These two components respectively promote or inhibit deposition and
are active at di↵erent current density regimes. The operation of the bath in
fact requires a fixed current density regime (e.g. 20 mAcm 2) set by the power
supply. The uniformity of the current density however su↵ers from irregularities
2. This chemical is improperly labelled as ’Additive’ by the manufacturer is basically an
accelerator/brightener and should not be confused with the generic term also ’additive’ which
is used for all types of organic species that are used to promote plating in baths.
3. Also known as suppressors and levellers
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introduced by substrate topologies. The consequent e↵ects are mitigated by the
additive and the carrier by respectively enhancing the deposition at slightly lower
current densities or inhibiting the deposition at slightly higher current densities.
This greatly improves the profile uniformity of the electroplated structures. It is
possible to balance the concentration of the additive and the carrier to achieve
improved results for radically di↵erent applications, such as via filling (high-aspect
ratio topologies) or blanket depositions (substrate with rather planar surface). It
is quite clear that these species may be absorbed in the film and can e↵ect the
recrystallisation property of copper, and this has been investigated in this section.
One barrier to undertaking this work on wafer scale is that the additives, once
included in the 35 L plating bath, cannot be removed/filtered and therefore
a new bath would have to be prepared each time which is time consuming,
costly and environmentally undesirable. Therefore, it was decided to perform
this investigation at beaker level using the same test structure but fabricated
on chips as previously described in Chapter 4. Table 6.4 shows the parameters
used. Bath samples were prepared with a combination of additives and carriers
Table 6.4: [Additive:Carrier] investigated in a copper bath
Bath sample A [Additive] (ml/l) C [Carrier] (ml/l) A:C Figure label
1 0 0 1:1 A0C0
2 5 0 1:0 A5C0
3 10 5 2:1 A10C5
4 0 5 0:1 A0C5
5 5 10 1:2 A5C10
Bath temperature: 23 C
Plating current density: 20 mAcm 2
Target plating thickness: 2.5 µm
while keeping the copper(II) and acid contents the same. All chip samples were
plated and measured simultaneously for consistency. Twelve test structure, per
chip (Figure 6.15), were monitored for resistance changes for a period of 90 hours.
Results show the resistance variation with time for di↵erent [additive] and [car-
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Figure 6.15: Eight Greek-cross and Kelvin bridge structures on a chip which
were monitored to investigate the influence of [additive/carrier] on self-annealing
of Cu
rier], presented in Figures 6.16 and 6.17 respectively. The convention used to
mention the figures are e.g. A5C5 with 5 ml/l [additive] and 5 ml/l [carrier]. All
plots have a dotted line which is the stabilised resistance value measured 6 months
after deposition.
The first two plots (Fig 6.16 a,b) show that with the absence of both additive
and carrier (A0C0), no change in resistance occurs during the 90 hours scan,
except for the odd spikes occurring due to misprobing errors (between t = 30 -
50 hrs) in which case the probes had to be realigned and measurement procedure
was restarted. The plated film from this bath sample was also non-uniform in
thickness and grainy, which is expected in the absence of levellers and grain
refiners. Considering this, it can be hypothesised that the films have no impurity
inclusions and are purely copper, because of which no self-annealing is observed.
It was interesting to see the same e↵ect with an addition of 5 ml/l accelerator
(A5C0) (Figure 6.16(c,d)) and the film showed no change in resistance. The film
grains were smaller and yielded a shinier finish which suggested that the additive
was acting but and does not get included in the film during deposition.
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Figure 6.16: E↵ect of additive(brightener): Bridge resistance plotted with time
for structures in 6.15. Dashed lines indicate the stabilised value of resistance
measured 6 months (4000 hours) after deposition.
6.4. Plating under controlled additive/carrier concentrations 163
It has also been reported that brighteners are negatively charged and their func-
tion is to a↵ect the surface morphology by changing the transport property of
other chemical species in a solution and are not adsorbed on the cathode surface
[205][206] which suggest why no self annealing was observed in its presence.
Bath with the same additive but with 5 ml/l carrier (A5C5) (Figure 6.16(e,f))
also produced a bright film, however it shows a transition period lasting 18 hours,
identical to results from the 75 mm wafers plated in the previous experiment.
The Kelvin resistance measurement are consistent for all samples however, more
variations in the Greek-cross measurements can be seen, as would be expected.
The presence of carrier is highlighted here which is known to be di↵used-absorbed
in the high current density regions of the film. Its inclusion in the film is inevitable,
which suggests the mechanism by which its di↵usion towards the film surface
during incubation occurs, unpinning the grain boundaries and forcing copper
grain growth to proceed which reduces the film resistance until stagnation [200].
Bath with excess additive (A10C5) also produced a bright and shiny film however,
the decay during transition period is slightly slower than A5C5 suggesting the
film has finer grains with a large number of grain boundaries which can house
considerably more organic impurities, the di↵usion of which would tend to be
much slower hence, decelerating the overall self annealing process.
It can be concluded from this data that self annealing is only observed when
carrier is present in the bath and the hypothesis of its absorption-di↵usion within
the film [200] may be related to the grain growth mechanism of copper. Figure
6.17 shows the e↵ect of changing carrier concentration on the change in resistance
with time. Bath with 5 ml/l carrier and no additive produced a film with a much
darker finish. No significant change in bridge and greek-cross resistance can be
observed suggesting that in the absence of additive, the grains are larger with a
comparatively less number of grain boundaries which can result in a lower amount
of carrier impurities incorporated within the film.
Bath with more carrier (A5C10) but less additive produced a shiny finish and the
variations in the transition rates are identical to the A5C5 sample suggesting that
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Figure 6.17: E↵ect of carrier(suppressor): Bridge resistance plotted with time for
structures in 6.15. Dashed lines indicates the stabilised resistance values measured
6 months (4000 hours) after deposition
the higher concentration of carrier did not a↵ect the self annealing of copper. It
can be summarised from this data that the presence of both additive (brightener)
and carrier (suppressor) together influences the grain growth mechanism of the
electrodeposited copper.
The last sample, shown in Figure 6.18, was plated with the same additive and
carrier as A5C10 but with half the thickness (1.25 µm). The slowest bridge resis-
tance drop was recorded for this sample which did not reach the stabilisation stage
within the 90 hours measurement. At this slow rate, this sample was expected to
self-anneal within 1 or 2 weeks. The e↵ect of film thickness on self annealing has
been hypothesised previously in numerous publication [207][190][208] which are
also in agreement with the result shown in Figure 6.18. It has been suggested that
6.4. Plating under controlled additive/carrier concentrations 165
Figure 6.18: Bridge resistance change shown for a film with 1.25 µm thickness
physical restriction on grain growth comes into play especially when reducing the
film thickness closer to the size of the crystallised copper grain clusters which can
force the growth to advance in two dimensions, therefore increasing the transition
period.
The e↵ect of A:C concentration on the cross-chip variation in resistance is pre-
sented in Figure 6.19. Films had the largest cross-chip resistance variation which
Figure 6.19: Variations in film properties with the e↵ect of additive and carrier
in the electroplating bath
were plated without any carrier in the bath. It can be seen that the inclusion
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of carrier predominantly e↵ects the uniformity of the films which is expected as
carriers are known to suppress the current densities in regions with high current
crowding (in protrusion), hence, producing features with a more uniform thick-
ness. Conversely, additives are species that are known to promotes the reduction of
Cu2+, and ultimately contribute in brightening and softening the copper deposits.
They, however, do not alters the uniformity of the film [209].
It was evident from these observations that carrier is important if the thickness
uniformity across a wafer is required. Therefore for a shiny film with uniform
thickness and low resistivity, carrier should be present with concentration higher
than or equal to the additive concentration.
6.5 Conclusions
Test structures have been used to characterise the self-annealing of electroplated
copper. Resistance measurements have been correlated with the rotation observed
in strain structures using a custom built system that can perform optical and
electrical measurements in parallel, which also enables di↵erent time lapsed mea-
surements to be correlated and wafer mapped. The e↵ect of di↵erent current
densities on 75 mm and 200 mm wafers has been investigated.
It was observed that wafers plated at lower current densities anneal slower com-
pared with wafers plated at higher current densities. An exponential decrease
in transition period with plating current density was observed. Results from the
wafer mapped quantities revealed a spatial distribution of self annealing rates
across the wafer as a function of plating conditions. This result has never been
reported before and it clearly portrays the importance of employing test structures
for material characterisation which can be useful for optimising processes.
The influence of proprietary additive and carrier (Intervia 8540 A,C) concentra-
tions on the self annealing were also investigated, but on beaker level experiments.
Samples plated from an additive/carrier free bath produced films which showed
no signs of self annealing. However, a change was apparent only when the additive
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was used together with the carrier which suggests that the impurity absorption-
di↵usion mechanism through finely packed grains could be responsible for the
delay observed in the self annealing of ECD copper. Furthermore, it was also
found that the rate of self-annealing depended on the concentration of additive
used in the bath.
Chapter 7
Characterisation of Stress in
SU-8 Films
7.1 Introduction
The epoxy based negative photoresist polymer SU-8 is an important material
used in the manufacture of MEMS [210]. Applications of SU-8 range from the
production of microfluidic systems [211] to the formation of molds for electro-
plating of thick metal patterns [212]. However, when SU-8 is cross-linked by
exposure to UV light and subsequent postexposure baking, it tends to shrink,
which introduces tensile stress [213]. This can lead to problems with cracking
[214] and adhesion, particularly when it is deposited on metal layers to act as a
template for electroplating copper in the fabrication of microinductors [215]. The
purpose of this work is to adapt the pointer arm test structures, developed in
Chapter 3.5 and use them to characterise the spatially evolved stress in patterned
SU-8.
7.2 Fabrication
Figure 7.1 shows the generic process flow for patterning thick SU-8 on a 200 mm
Si substrate and then selectively removing sacrificial material under some of the
SU-8 to create structures such as strain indicators.
First, the wafer is first cleaned for 10 minutes in ”Piranha”solution (3:1 H2SO4:H2O2)
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Figure 7.1: Schematic of the fabrication processes of SU-8 test structures wafer
before rinsing in deionized water (Caution: Piranha solution is highly corrosive
and reacts violently with organic matter - check safety information before using).
The wafer is dried by baking on a hot plate at 200 C for 20 min. This is followed
by an oxygen plasma treatment in a reactive ion etch tool (STS Multiplex RIE
Etcher or Barrel Asher) for 30 mins to promote adhesion (Figure 7.1(a)). It is
then placed on a spin coating tool (POLOS MCD Spin Coater) and 20 ml of
SU-8 3035 puddle is dispensed by hand to prevent bubble formation. Each wafer
is spun up to 500 rpm for 10 s to spread the resist, then at 3000 rpm for 30 s,
which created a nominal layer thickness of around 35µm (Figure 7.1(b)). This is
subsequently followed by two steps of soft bake, first lasts 5 min at 65 C, followed
by a second 15 min bake at 95 C (Figure 7.1(c)). The wafers are allowed to cool
down before an automated edge bead removal (EBR) process is performed, using
a stream of propylene glycol/methyl ether acetate (PGMEA) solvent, on Brewer
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CEE Wafer Track spin coating system. This process removes a 10 mm ring of
the resist from the wafer perimeter to ensure even contact between the wafer and
mask during photolithography. A further short baking step at 65 C for 2 min is
performed to ensure the wafer is completely dry before exposure (Figure 7.1(d)).
The SU-8 is exposed with the test structure pattern using a UV mask aligner
(Figure 7.1(e)). The wafer is postexposure baked (PEB) at three steps of 65 C
for 1 min followed by 5 min at 95 C and a further 1 min at 65 C, before cooling
to room temperature (Figure 7.1(f)). The resist is developed in a spin and spray
developer tool using PGMEA for at least 6 min before rinsing in isopropyl alcohol
and drying (Figure 7.1(g)). At this stage, the underlying Si is etched with dry
XeF2 vapour to release the desired structures using a Memsstar SVR XF etch
tool. This process isotropically etches the exposed silicon substrate and releases
the suspended test structures as seen in Figure 7.1(h). Being a vapour based
process this release etch has no problems with the stiction that can occur with
wet release processes [216]. The initial release etch used was somewhat uneven
on the initial test wafer but this was addressed by the use of a very short (5
mins) oxygen plasma etch or de-scum, prior to vapour etching, which greatly
improved the etch uniformity as can be observed in Figure 7.2. A short dip in
Figure 7.2: Microscope images of structures showing the e↵ect of O2 plasma
treatment before release (a) Without de-scum unwanted SU-8 is seen on Si (b)
After de-scum Si is completely exposed for etching
48% HF solution was also investigated in order to determine if the release-etch
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problems were related to the native silicon oxide on the wafer, but unfortunately,
this tended to result in partial delamination of the structures from the substrate
and so this was not used in future processing. It should be noted that the SU-8
strain sensor pointer arms in Figure 7.2(b) have hit the anchor material and any
rotation angle measured in cases such as this will clearly be compromised.
7.3 Experiment and Results
The aim of this work is to investigate the e↵ect of exposure dose on the shrinkage
of SU-8 caused by the cross-linking of the photoresist film resulting from the
exposure. For this purpose two wafers were exposed with the test mask (Figure
3.12) using a UV mask aligner with the ”long pass”filter selected. This attenuated
light with a wavelengths below 350 nm, which could cause problems with the
sidewall angle of printed features. One test wafers (W1) was exposed with a dose
of 400 mJcm 2 while the other (W2) with a dose of 320 mJcm 2.
Both wafers were successfully released with a uniform silicon etch while W2 was
only partially released as the etch was performed without the de-scum step.
Figure 7.3(a) and (b) shows an SU-8 stress sensor before release while Figure
7.3(c) and (d) shows a similar test structure after XeF2 etching. The clockwise
rotation of the pointer arm in the released structure clearly indicates significant
tensile stress in the exposed and developed SU-8 film.
The stress pointer arm sensor structures have been characterized visually using
the same procedures described in details in Chapter 3.5. After the images were
acquired, pattern recognition analysis is performed using the in house code written
in Labview. An image template file is used to locate the pivot point of the
rotation arms in the stress structures as shown in Figure 7.4(a). Since the silicon
underneath is etched isotropically, it typically leaves an etch mark, as indicated
by the ’arrow’ shown in Figure 7.4(a), which the software can falsely identify as
the pointer arm.
A modified Hough edge detection transform [148] is used to determine the edge
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(a) (b)
(c) (d)
Figure 7.3: (a) Unreleased stress sensor structure (b) Magnified image of the
same structure (unreleased) (c) Released stress sensor structure (d) Magnified
image of the same structure (released)
of the pointer arm, starting from the pivot. This technique allows the correct
identification of the arms as well as any broken structures. Figure 7.4(b) shows
the results of the algorithm applied to identify the di↵erent edges located in the
image. After edge detection, a line of best fit to the pointer arm is drawn and
the relative slope used to calculate the angle of rotation. Figure 7.5 shows the
complete edge detection process algorithm being applied and it can be noted that
in this case the rotation is so large that the pointer arm has hit the surrounding
SU-8 that forms the support for the structures and acts as a reference line to
extract the rotation. These particular structures were designed with the minimum
process dimension for the hinge connecting the expansion and alignment arms
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Figure 7.4: (a) Image captured by the measurement system identifying the
pattern recognition routine (marked in red) has located the pivot of the stress
structure. The arrow indicates the etch mark left after release (b) Etch marks
detected using the Hough edge detection algorithm discussed in Chapter 3.6.6
(see Chapter 3), which helps to prevent the expansion arms becoming bowed
and distorted. It is clear from Figure 7.5 that the angle of rotation would be
greater if the structure sidewalls were not limiting the degree of rotation. Clearly,
if quantitative values of stress are to be calculated this must be avoided [11].
The rotation data was used to obtain full wafer maps from wafers W1 and W2
!
Figure 7.5: Determination of the angle of rotation for the stress test structures.
(1) Capture of image, (2) Identification of the centre of the expansion arm, (3)
Horizontal intensity scans to identify the edges of the pointer arms and the
reference material, (4) Example of an intensity scan for the circled scan
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which are presented in Figures 7.6(a) and (b), respectively.
Figure 7.6: Wafer map of pointer rotation for a 200 mm wafer with SU-8 strain
test structures UV exposed during lithography at (a) 400 mJcm 2 and (b) 320
mJcm 2
In both figures, the areas without stress structures or where the structures have
been damaged have been assigned a rotation value of 0  and appear white. This
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also includes the area at the centre of each die where the electrical test structures
are located.
7.4 Discussion
The results in Figure 7.6 show that there is much more variation in the pointer
arm rotation on W2 than on W1, mainly between the centre and edge of the
wafer but there is also a di↵erence from left to right across the W2 wafer. This
wafer also shows some clear variation within each die with larger rotations in
the structures with the narrowed expansion arms. The average rotations for each
value of  Y/W have been calculated for a block of 6⇥18 dice in the center of
the wafer and for the remaining dice around the edge. These are plotted against
 Y/W for both the standard structures and those with expansion arms that
narrow where they connect to the pointer in Figure 7.7 (for W1) and Figure 7.8
(for W2). Each point on the graph represents the mean value while the error bars
show the standard deviation (1 ). The number of structures that were measured
to produce each point varies, but is at least 100 in every case.
SU-8 was found to have high tensile stress in all wafers. The results from wafer
(a) Normal structures (b) Narrow expansion arms
Figure 7.7: Average pointer arm rotations from W1 plotted against arm
separation ratio for (a) standard structures and (b) structures with narrowed
expansion arms.
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(a) Normal structures (b) Narrow expansion arms
Figure 7.8: Average pointer arm rotations from W2 plotted against arm
separation ratio for (a) standard structures and (b) structures with narrowed
expansion arms.
W1 for standard test structures suggest that the level of rotation is largely
independent of both the arm separation ratio and the position on the wafer.
There does not appear to be a significant di↵erence between the center and edge.
The results from the structures on W1 with narrowed expansion arms, being
more sensitive, show about 1  more rotation in the center. The results from W2
in Figure 7.8 show a much more significant di↵erence between the centre and the
edge. As the plots for both W1 and W2 do not show any significant dependence
related to the pointer separation ratio, an average of all the structures in a die
can be used to wafer map pointer rotation map which are presented in Figure
7.9.
These averaged results confirms that there is significantly more variation in
stress across W2 than across W1. The pattern on W2 suggests an e↵ect caused
by the initial pour of the SU-8 resist. SU-8 3035 is extremely viscous and un-
exposed wafers tend to show a pattern where the outline of the poured resist
prior to spinning can be clearly seen (represented as a dotted circle). The original
hypothesis was that the resist at the center is therefore slightly thicker than the
resist across the rest of the wafer, which may be enough to alter the level of stress.
Measurements of the resist thickness are impossible to perform by profilometry
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Figure 7.9: Wafer map of average strain structure pointer rotation for each die
on a 200 mm wafer (a) W1 (b) W2
after the release of the test structures, and so there are no thickness data available
for W1 or W2.
In order to investigate this further, an additional test structure wafer was fabri-
cated using the same process with an exposure of 320 nm, but without the final
release etch. Thickness measurements were made using a Dektak surface profiler
in one column from top to bottom and one row from left to right. This gave a mean
thickness of the cured SU-8 from 43 measurements of 33.42 µm with a variability
(1 ) of 2 µm. Figure 7.8 shows that maximum values can be observed at the center
of the apparent pour mark where the SU-8 is 2-3 µm thicker than the rest of the
wafer. This suggests that there is an e↵ect associated with the initial pour of the
photoresist which is non-uniform UV penetration in the film of varying thickness
across the wafer. With uneven thickness, the UV penetration can create non-
homogeneous cross-linking chains in regions where the UV intensity was lower
causing defects, which is a possible reason why more rotation was observed in the
center of the wafer where the spin coated SU-8 film was thicker.
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7.5 Conclusions
This chapter reports the first application of microrotating stress sensor test struc-
tures being used for the spatial characterization of SU-8 photoresist. The test
structures were produced by patterning a ⇠35-µm-thick layer of SU-8 3035 coated
on a 200 mm silicon wafer and they were released from the silicon substrate using
an XeF2 vapour etch and subsequently observed to display clockwise rotation
indicating significant tensile stress. Measurements of the pointer arm rotation
were made on two wafers with di↵erent process parameters. The results from
these wafers patterned with di↵erent exposures suggested that a larger exposure
dose during lithography can reduce the level of tensile stress in the material.
The micromechanical test structures used in this work has demonstrated their
usefulness in the measurement and wafer mapping of the stress in patterned SU-8.
This included the identification of cross wafer variation, which may be introduced
at the spin coating stage of processing. Stylus profilometry measurements con-
firmed that a variation of the SU-8 thickness did occur which can be attributed to
the initial pour of the resist. There can also be other possible sources of variation,





The surging demand of high power applications has raised tremendous interest in
the miniaturisation and integration of passive components such as microinductors
with CMOS technology. A high Q-factor of these components is desirable to
fully utilise the performance of the devices, which can be achieved by employing
laminated electrochemically deposited ferromagnetic core such as permalloy with
a highly conductive copper winding. These layers are required to be thick (tens
of microns), however, having vertical thicknesses at this scale, can pose a series
of integration challenges in IC technologies.
Residual stress is one of the important yield and reliability issue for MEMS,
especially when employing NiFe alloys. Numerous journal articles have been
published showcasing the reduction of stress using chemical additives such as
saccharin. However, the exact mechanisms behind the origin of the stress is still
under discussion. Besides this, the characterisation method employed for stress
measurement for these NiFe films has also been problematic. Traditionally, it has
been measured on wafers using the curvature method which can only provide
the overall (average) stress value and also does not take account of the stress
developed in the underlying layers during heat treatment steps. Therefore, a need
for a measurement system able to spatial characterise stress in ECD films would be
of significant benefit and would could be used to develop and control fabrication
processes for microinductors.
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8.2 Achievements and impact on knowledge
8.2.1 Spatial stress measurement system
In response to the issue above, the work presented in this thesis has demonstrated
the first application of MEMS test structures to fully spatially map stress in thin
films on silicon wafers of any size. Pointer arm rotating structures were employed
to characterise strain in which the direction of rotation was successfully used to
distinguish between compressive and tensile stress while the degree of rotation
was used to quantify the values of localised strain. An automated high speed
measurement system was created which was capable of extracting pointer arm
rotations from over 12,000 structures, on a 200 mm wafer in less than 30 minutes.
This made it feasible to comprehensively and routinely wafer map the strain (and
ultimately stress using locally measured values of Young’s modulus) over many
wafers when developing new processes.
This complete strain measurement system was employed with the aim to charac-
terise strain in electroplated materials used for the fabrication of microinductors.
Nickel, NiFe alloy and Cu were electrochemically deposited to create a complete
fabrication process of the test structure wafer. A full release of the test structure
arms was a critical element associated with the performance of the device which
was optimised for each material. It was observed that Ni and NiFe released easily
compared to Cu which is less sti↵ and bends downwards after release causing
stiction. This issue was overcome by depositing a thicker sacrificial layer and
etching copper at much lower chamber pressures in a HF vapour release system.
Another important contribution of this work has been the development of a unique
chemical solution capable of selectively etching the copper seed layer when used
alongside the NiFe test structures. With the modification any undesired e↵ects
of NiFe corrosion and Cu redeposition have been eliminated which significantly
improved device yields. This new recipe has now been adopted widely in the
fabrication facility (SMC) and currently being employed in the fabrication of all
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microinductor and microswitches.
8.2.2 Process optimisation of ECD NiFe
To obtain an insight on the fundamental understanding of the origin of stress
in ECD films, the e↵ect of plating conditions and bath compositions were in-
vestigated. This would have required the disposal and change of the chemical
compositions of plating tanks (typically 30 - 60 litres) which would be both
expensive and environmentally challenging. However, taking the advantage of
microfabrication, test structure chips were fabricated (1.3 ⇥ 1.7) cm, which
provided quantitative strain measurements of ECD Ni and NiFe from a variety
of experimental parameters with only 150 ml bath samples required for each
beaker level setup. These yielded some useful information associated with the
development of stress in Ni and NiFe films, which is summarised below:
• The plating e ciency of pure nickel was observed to be dictated by the
amount of hydrogen evolving at the cathode surface which was decreased
by plating at lower current densities in low concentrations of Ni(II).
• The presence of boric acid enhanced the under potential deposition of nickel
by suppressing the hydrogen evolution reaction, producing films with low
stress.
• Boric acid surprisingly had negligible e↵ect on hydrogen evolution in the
presence of iron(II) in a nickel bath as the overall reduction reaction was
overwhelmed by the anomalous co-deposited of iron. Films produced in this
case are unstable and delaminate due to high internal stress (> 300 MPa).
• When the concentration of boric acid was increased, films were richer in
Fe%, which suggested that boric may absorb on the electrode surface block-
ing the nickel ions whilst allowing the reduction of ferrous ions.
• No complex ions between Ni/Fe and boric acid existed.
• Saccharin (> 1g/l) reduced the tensile stress of NiFe drastically down to
⇠100 MPa whilst brightening the deposits.
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From all these experiments it was concluded that the tensile stress developed
in Ni and NiFe films has an inversely proportional relationship with the plat-
ing e ciency which is governed by the hydrogen evolution reaction occurring
simultaneously with the nickel reduction. It was proposed that hydrogen would
influence the film properties either by adhering to the film surface and inhibiting
nickel reduction or by encapsulating into the plated film during deposition, in
which case voids and cracks may form, inducing high levels of tensile stress in the
plated films.
The approach of electroplating MEMS strain structures in a small beaker level
setup has therefore, demonstrated great potential when optimising plating pa-
rameters to achieving high yielding processes. It can also be adopted in industry
R&D facilities to accurately identify process windows and be able to predict the
performance of the plated material prior to transferring the recipe on full scale
production tools.
8.2.3 Spatial stress analysis in NiFe films
The optimum parameters obtained were further used to plate NiFe on 200 mm
wafers, with the aim to characterise the spatial residual stress developed under
non-uniform plating conditions. High resolution wafer-scale maps were obtained,
for the first time, which provided measured values of the Young’s modulus and
residual stress ranging between 30 GPa to 180 GPa and 50 MPa to 220 MPa
respectively on a single wafer. It was shown that non-uniformities in process
conditions such as bath agitation influenced the properties of ECD films, where
increasing the agitation produced film with more stress, while removing the
agitation, at the chosen current density, produced a more uniform alloy film
with less surface roughness and lower stress. This wafer-scale variation of stress
and of the mechanical properties of electrodeposited NiFe has been a problem of
important concern for the reliability of microfabricated devices which has been to
date been unaddressed. However, the test structures coupled with an automated
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measuring system developed in this work, has the ability to provide a deeper
insight on the origin of stress and has huge potential towards further process
optimisation.
This unique methodology has clearly demonstrated the attraction of measuring
localised strain at high resolution within the layer of interest, compared to the
wafer curvature technique where the contribution to stress of the underlying
materials were not fully accounted for. Coupled with this fact and also the
advantage of being CMOS compatible, this approach carries potential of becoming
a standard quality assurance routine that can be applied for compliance check of
equipment in semiconductor industry.
8.2.4 Spatial analysis of copper recrystallisation
Another impact of this study has been the use of the same test structures to
characterise the self-annealing property of patterned ECD copper. High resolution
spatial changes in film resistance were correlated with strain measurements by
modifying the automated system so it could perform robust optical and electrical
measurements simultaneously. It also enabled di↵erent time lapsed measurements
over 4 days to be correlated and wafer mapped for the first time. Local resistance
changes were observed to correlate with the strain measurements and it was
shown that the rates of crystallisation varied spatially across the wafer due to
variations in film thickness. Non-uniformities in plating influenced by propri-
etary Intervia 8540 additive and carrier concentrations and their e↵ect on the
self annealing were also analysed. With carrier and additive together the three
phases of self annealing were more pronounced. This has been postulated as the
impurity absorption-di↵usion mechanism (of carrier) through finely packed grains
(influenced by additive) could be responsible for the delay observed in the self
annealing of ECD copper. The use of Greek cross test structures to measure the
resistivity change over a small number of grains, suggests that the grain structure
may vary in small areas or protrusion where current crowding e↵ect is profound.
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These irregularities in grain growth observed in patterned films using the test
structure approach have not been reported, as historically four point probe and
wafer curvature measurements were employed on blanket deposited films, in which
case the bath additives and carriers would not act the same way and a↵ect the
results.
The presented methodologies have demonstrated the impact of process nonuni-
formities on electroplated films, and carry the potential for high resolution spatial
analysis of parameters of interest which will enable the use of the ECD films for
a number of applications though a better understanding of the plating process.
The third impact of this work has been the characterisation of spatial stress in
SU-8, which is critical in the microinductor process where thick SU-8 moulds
( ⇠50 µm) are typically employed for the ECD of copper coils and also as an
insulator for the magnetic core. The measurements made suggest that spatial non-
uniformity in the coated film thickness over the wafer can cause variations in the
UV exposure during photolithography that e↵ects the cross linking of the polymer
hence, inducing di↵erent levels of tensile stress in the material. Although, initially
used for the characterisation of ECD films, the stress measurement technique has
also shown to be capable of investigating process variations in polymer films which
is equally important for the reliability of MEMS devices.
8.3 Final remarks and future work
As presented earlier the aim of this thesis has been the characterisation of the
three main materials (NiFe, Cu and SU-8) used in the fabrication of a microinduc-
tor, with particular attention paid towards the minimisation of stress in NiFe. A
novel fabrication and measurement system has been devised which can swiftly and
robustly map spatial strain in potentially any material that can be successfully
undercut to release the rotating arms of the test structures. The methodology has
therefore opened up many possibilities and can be used for characterising newer
materials employed in MEMS, fine-tuning the manufacturing processes to achieve
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set goals in terms of material properties as well as uniformity and gaining a better
understanding of the influence of processing conditions on the produced films. The
mapping of parameters can also assist in the design and optimisation of process
tools to achieve promising yields especially in this new era where MEMS and IC
production volumes have reached high limits particularly with the emergence of
smartphones in the consumer industry.
Based on the findings from this work, some improvements in the stress measure-
ment methodology can be suggested. Firstly, the test chip was designed with strain
test structures assuming constant Young’s modulus however, this was proved
wrong when non-uniformities in process conditions (e.g. agitation) was shown to
have introduced variations in the nano-indentation results. The wafer had to be
cleaved into quarters fo this, which is not ideal for obvious reasons. In future, a
new test chip can be designed with a combination of both pointer arm rotating
structures for strain and lateral resonant microactuators for local in situ Young’s
modulus measurements. An appropriate mechanical model can then be used based
on the results to determine the residual stress in the film. Secondly, the strain
sensors used in this work were designed to restrict rotations to 10 , which has not
been optimum in some cases where the stress levels of NiFe exceeds 300 MPa.
Therefore future designs would require the widening the side walls on either side
of the pointer arms.
Apart from improvements in the test structure design, a few process related
modification can also be suggested. Firstly, the replacement of boric acid has
become essential as it has been recently flagged as a substance of very high concern
by Europe’s International Chemical Secretariat and included in the SIN list of
hazardous chemicals. This provides another opportunity of investigating the use
of other weak acids such as citric acid that can contribute towards suppressing
hydrogen evolution during the ECD of Ni and NiFe. Another advantage of re-
placing boric acid is its low solubility in aqueous solution which can be as issue
when attempting to dissolve large quantities for industrial plating tanks.
Pulse reverse plating technique has also generated a lot of interest recently where
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understanding the e↵ect of duty cycles on the structural and compositional prop-
erties of more complex magnetic materials such as NiFeCo and NiFeMo can also
be explored by characterising stress and comparing with the standard DC plating
technique.
Another structural material of interest is parylene which can be used as an
alternative for SU-8 as it carries the advantage of providing completely conformal
and pin hole free uniform films and can be patterned using standard plasma
etching technique. Full stress characterisation can therefore be performed towards
its use as a structural material and compared with SU-8.
In summary, the methodology presented in the work along with the modifications
adopting the prescribed process parameters and procedures can be used for de-
veloping low stress materials, which can be directly transferred into the process
flows of the mass production of MEMS microinductors.
Appendix A
Theory
This appendix summarises the techniques used within the research. The analysis
of electrochemical reaction in laboratory takes place using a three electrode
system which is described. Cyclic Voltammetry and chronoamperometry methods
which use the three electrode system along with the plated film structural and
electrical analysis using x-ray fluorescence, nano-indentation and sheet resistance
measurement technique has been described. Magnetic properties extracted from
the hysteresis loop using a B-H looper is also shown.
A.1 Electrochemical Study
Electrochemistry is the study of reactions taking place at the interface of an
electric conductor which can be composed of an electrode made of either a metal
or semiconductor material and a redox active solute species within an electrolyte.
Electronic components are fabricated on silicon but plating directly on silicon
may not be feasible due to its poor electrical conductivity therefore a thin layer
of metal such as copper can be evaporated on it. Electrolytes can be either metal
salts (metals dissolved in acids) or molten salts.
The study of electrochemical reactions taking place at a single electrode/elec-
trolyte interface is essential for this study. However electrode reactions occur
between two electrodes in an electrochemical cell. To ensure the reactions only
taking place at a single electrode (the working electrode) are studied, the electro-
chemical cell set-up commonly used consists of three electrodes (working, counter
187
A.1. Electrochemical Study 188
and reference) immersed in an electrolyte, shown schematically in Figure A.1. A
Figure A.1: Schematic of a three electrode electrochemical cell
potentiostat controls the operation of the electrochemical cell and has two modes.
Firstly, the working electrode’s potential is controlled relative to that of the
reference electrode by applying a voltage between them and the current between
the working and counter electrode is measured in response to this potential, in
this case the system is said to be under potentiostatic control. Secondly, if the
current is controlled between working and counter electrodes and the potential
between the working and reference electrodes required for such current to flow is
measured. The system in this case is said to be under galvanostatic control [217].
By controlling the electrode potential the electron transport reactions of interest
can be observed at the working electrode. Generally this electrode is constructed
from a non-reactive material and is considered inert. A common choice is platinum
however the working conditions and requirements dictate the electrode material
to be used. The surface area of the electrode has to be obtained which is an
important factor to determine the magnitude of current within the electrochemical
process. Larger the surface area, the larger the interface between the electrode
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and electrolyte phases, therefore more current which can be passed.
To complete the electrochemical circuit a counter electrode is necessary. If a
reduction reaction is performed at the working electrode then there is a net flow
of electrons from the counter electrode, where an oxidation reaction occurs, to the
working electrode. An example of nickel (II) species in aqueous solution is reduced
at the copper working electrode and the oxidation of nickel concurrently occurs at
the platinum counter electrode. A schematic is shown in Figure A.2. The oxidised
Figure A.2: Schematic of electron flow in a complete electrochemical circuit for
a nickel electrodeposition experiment
and reduced species within the electrochemical system can be summarised in
Equation A.1.
Ox + ne    *)  Red (A.1)
’Red’ is the reduced and ’Ox’ is the oxidised species, ’n’ is the number of electrons
involved in the redox reaction. To preserve the charge balance it can be seen that
to every oxidation electron produced there must be an accompanying reduction
electron consumed. For reduction to take place at the cathode current is required
to provide the flow of electrons from the electrode to the electrolyte and conversely
electrons are accepted from the electrolyte at the anode. All this is controlled by
the potentiostat.The movement of charged species between the working electrode
and counter electrode completes the electrochemical cell. Background electrolyte
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ensures that the redox species do not have to move far from the electrode surface
to do this, as the large numbers of ions in solution are available to carry the
current.
The potential of the working electrode is measured with respect to the reference
electrode which holds a stable electrochemical potential as long as no current
flows through it. The reduction potential (or redox potential) of a chemical specie
usually quoted, E , is obtained using a standard hydrogen electrode (SHE) as
a reference electrode. By definition its reduction potential is 0V and all other
standard potentials are stated relative to the SHE. An SHE electrode consists of
a piece of platinum immersed in an activity one solution (↵ = 1) of a strong acid
(sourcing H+(aq)) with hydrogen gas bubbling at 1 atmosphere over it. The use of
hydrogen gas experimentally is considered both dangerous and impractical other
reference electrodes are used. The one used in this word is Standard Calomel
Electrode (SCE), (Hg/Hg2Cl2/KCl(saturated in water)) which holds a constant
potential 0.242V versus SHE because of the following equilibrium equation [218]:
Hg2Cl2(s) + 2 e
   ! 2Hg(l) + 2Cl
 
(aq) (A.2)
Since a large amounts of each reagent are present a small change in current does
not change the equilibrium position, therefore resulting in a constant potential
at the reference electrode. When a voltage is applied between the working and
reference only the potential of the working electrode will change. For simplicity
all potentials measured using a potentiostat in a three electrode system, in this
work, will be stated with respect to SCE.
A.1.1 Cyclic Voltammetry
In electrochemistry cyclic voltammetry (CV) is the most commonly used tech-
nique as it provides a fast and simple method for initial characterisation of a redox
active system. It can also provide an estimate of the redox potential and the rate
of electron transfer between the electrode and the analyte. In this technique, the
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Figure A.3: (a) Typical cyclic voltammetry potential waveform, (b) Reversible
cyclic voltammetry response for a reduced specie in solution
working electrode potential follows a linearly ramping potential versus time, as
shown in Figure A.3(a), from a starting potential E1, normally a potential with
zero current flow, to an end potential E2 at which point the potential sweep is
revered and scans at the same rate back to the starting potential.
From Figure A.3(b) the waveform shows that the forward scan (E1 to E2) pro-
duces a current peak for any species that can be reduced through the potential
range scan. The potential of this peak will increase in magnitude as the potential
reaches the reduction potential of the species. The current will then decrease again
as the concentration of the species is consumed within the depletion zone of the
electrode surface, and the system is under di↵usion (mass transport) control.
In the reverse scan (E2 to E1) it reaches the potential at which the reduced
species would be reoxidised, producing a peak of similar shape and size to the
reduction peak but of reversed polarity. These data is then plotted as a change in
current as a response to the potential sweep. The resulting plot is called a cyclic
voltammogram. The peak currents iredp and i
ox
p are the cathodic and anodic peak
currents respectively and the potentials at which these peaks occur are known as
the peak potentials Eredp and E
ox
p respectively.
Cyclic voltammetry experiments are performed in stagnant solutions to ensure
that the transport of material to the electrode surface is limited by di↵usion
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(experimentally there will be some uncontrolled convection through density and
thermal gradients along with vibration which should be minimised).
For a fully electrochemically reversible system the magnitudes of the forward and
reverse peaks are the same, the peak positions are independent of sweep rate, v
and the peak separation depends on the number of electrons, n involved in the
transfer process. The peak separation can be written as:








where T is the absolute temperature and R is the gas constant. Therefore a
reversible electron transfer at 298K will have a peak separation of approximately
59/n mV, independent of scan rate [217]. Since the peak separation is independent
of scan rate for fully reversible systems, the formal potential of the redox specie,
E✓ can be found from the mid-point between the oxidation and reduction peak





and the relationship between E✓ and E the applied potential is written as:















This equation is called the Nernst equation. Where E is the applied electrode
potential (versus reference), E✓ the formal potential (when ’Ox0 and ’Red’ are
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at equilibrium concentrations), R is the molar gas constant, T the absolute
temperature, n is the number of electrons transferred, F the Faraday constant
and [Ox] and [Red] the concentrations at the electrode surface of the oxidised and
reduced species. When the activities of Ox and Red are equal then the measured
electrode potential is that of the formal electrode potential, hence strictly the












is the standard reduction potential (versus the SHE) and ↵Ox and
↵Red are the activities of the oxidised and reduced species respectively. However,
experimentally the activities of the redox species are rarely known. The activities
of the oxidised and reduced species are related to the concentration of the oxidised









Care must be taken when interpreting CV’s from experimental data without hav-
ing compensated for resistance. Since the electrolyte within the electrochemical
cell is resistive to the flow of current, the magnitude of the resistance will depend
on the geometrical design of the cell, the concentration and nature of electrolyte
used. When a cathodic current flows through the cell the true cell potential will
be in reality less negative then that measured by an amount iRs, where Rs is the
solution resistance between the working and reference electrode. The potential
experienced at the surface of the electrode will be Es = E + iRs, where Es is
the surface potential and E is the applied potential. Clearly there is a current
component within this relationship and hence, the di↵erence between surface
potential and applied potential is dependent on current. The consequence of this
relationship in experimental terms is that the scan rate will no longer be a linear
function and so Ep will be shifted from the true values.
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Another important method which was mostly used to analyse electrochemical
plating system is chronopotentiommetry, but it is essential to know the working
of a galvanostat (controlled current supply).
A.1.2 Potentiostat/Galvanostat
A basic overview of the working principle of a potentiostat/galvanostat (PG-
STAT) is presented. The connections of the instrument to the electrochemical
cell can be (or must be) set up in di↵erent ways. Figure A.4 shows the three
commonly used electrochemical cell setups.
In galvanostatic mode, the current flow between the WE and the CE is controlled.
Figure A.4: Basic diagram of a potentiostat/galvanostat
The potential di↵erence between the RE and WE and the current flowing between
the CE and WE are continuously monitored. By using a PGSTAT, the value
specified by the user (i.e. applied potential or current) is accurately controlled,
anytime during the measurement by using a negative feedback mechanism.
As can be seen from the diagram, the CE is connected to the output of an
electronic block which is called Control Amplifier (CA). The control amplifier
forces current to flow through the cell. The value of the current is measured using
a Current Follower (LowCF) or a Shunt (HighCR), for low and high currents,
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Figure A.5: (a) Current step supplied and (b) potential response measured for
a chronopotentiommetry setup
respectively. The potential di↵erence is measured always between the RE and S
with a di↵erential amplifier (Di↵amp). The signal is then fed into the Summation
Point (⌃) which, together with the waveform set by the digital-to-analog converter
(Ein) will be used as an input for the control amplifier.
Chronopotentiomettry
This method is widely used in this study. In this technique the current flowing
in the cell is instantaneously stepped from zero to some finite value.
M2+(aq) + 2 e   ! M(s) (A.10)
A simple reaction can be considered for the reduction of metal (M) as shown
in Equation A.10. The current step applied to the cathode for the reduction
of the metal and the potential di↵erence measured between the WE and RE is
schematically shown in Figure A.5. The nature of the potential response can be
rationalised by considered the concentration profiles of the redox species as a
function of time as shown in Figure A.6. Firstly assuming zero current at the
beginning. At this point the concentration of M2+ at the electrode surface is the
same as in the bulk solution. The potential at this point is known as the rest
potential or the open circuit potential (EOCP ). Once the current (i) is applied at
the cathode, M2+ is reduced to M at the electrode surface in order to support the
applied current and the concentration of M2+ at the electrode surface therefore
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depletes. A concentration gradient of [M2+] appears between the bulk solution
and the cathode surface. The potential is close to the redox potential for the
reaction A.10 and its value given by the Nernst equation mentioned previously
(Equation A.8). The concentration and thus potential would vary with time and
an example output shown in Figure A.5(b). Once the concentration at the surface
is zero the applied current can no longer support the electron transfer reaction.
Another electron transfer reaction may proceed from this point and a large change
in potential will be observed. The time (⌧) taken for the concentration of M2+






where A is the electrode surface area, C is the bulk concentration of the analyte,
and D is its di↵usion coe cient . It is possible to apply more than one current
step in a given experiment. Two-step experiments can be useful in characterizing
electrode reactions in which the electron transfer reaction is followed by a chemical
reaction.
Figure A.6: Concentration-distance profiles during the reduction of M2+ to M
by a current step
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A.2 Material Characterisation
A.2.1 Plating E ciency
When plating metals like nickel in the regime where the reduction potential of
the metal coincide with the potential of other reactions like hydrogen evolution
[154], the amount of metal plated will be less than expected as two reactions
are occuring simultaneously. For example, during the deposition of Nickel in a
chloride bath without additives, there could be the following cathodic reactions
occurring: the deposition of nickel (Ni2+) and reduction of acid (H3O+).
The simplest way for measuring the e ciency of plating is to weigh the amount
of metal deposited following the ECD process. The substrate is weighed first and
mass noted as m0. After plating the mass ’m’ was measured. The mass of the






where mtotal is calculated using A.13 and is the total mass of metal if all the
current supplied was used up in depositing the metal (assuming 100% e ciency).







where I is the plating current in amperes, Ar is the atomic mass in grams per
mole, n is the number of electrons required to plate the metal (e.g. n=2 for Ni2+
+ 2e  ! Ni) and F is the Faraday’s constant F = 96,485 C/mol.
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A.2.2 Deposit Thickness
The average plated film thickness ’s’ can be derived using the electroplated mass
A.13, the density of metal and surface area of cathode. The thickness in microns





where m is the mass of plated metal in grams, A is the surface area of the plated
part in square centimetres1 and ⇢ the density in grams per cubic centimetres. In
MEMS semiconductor industry the electroplating rates are addressed in terms of
the current density.
Therefore, substituting equation A.13 formtotal and current density (J) in mA/cm2,










A.2.3 Young’s Modulus (Nanoindentation)
Young’s modulus, E is the ratio of stress to strain within the elastic region of the
stress strain curve (prior to the yield point). It is a measure of the sti↵ness of a
material.
Stress   is the relationship between an applied force (load) L and a material’s





1. Thicknesses can also be addressed in microns (1cm = 10000µm)
A.2. Material Characterisation 199
Figure A.7: Schematic of a nano-indenter
Strain is an engineering quantity that measures the change in length of a body
relative to its original length when subjected to a load. Strain is a dimensionless
quantity.
Robert Hooke was a 17th Century scientist principally remembered for his work
on the elastic nature of materials. Hooke’s Law describes the amount of elastic
deformation that a material can sustain in tension or compression before it
undergoes permanent plastic deformation.’Hooke’s law states: ’stress is directly
proportional to strain within the proportional limit.’ From this, the mathematical
relationship can be expressed as:
Stress = E⇥ Strain (A.18)
Where E, is the constant of proportionality known as Young’s modulus and has
the same units as stress (Pa).
To quantify stress the value of Young’s modulus for the material has to be
obtained. Nanoindentation is one of the most commonly used methods to measure
the hardness of small volumes of materials [219]. A schematic drawing is shown
is A.7. The goal of the majority of nanoindentation tests is to extract Young’s
modulus and hardness of the specimen material from load-displacement measure-
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Figure A.8: Schematic of load-displacement curve for an instrumented nanoin-
dentation test
ments, with the load created by an inductive force generator and the displacement
continuously measured by a capacitance displacement gage. Conventional inden-
tation hardness tests involve the measurement of the size of a residual plastic
impression in the specimen as a function of the indenter load. This provides a
measure of the area of contact for a given indenter load. In a nanoindentation
test, the size of the residual impression is often only a few microns across and
this makes it very di cult to obtain a direct measure using optical techniques.
The depth of penetration beneath the specimen surface is measured as the load
is applied to the indenter. The known geometry of the indenter then allows the
size of the area of contact to be determined. The procedure also allows for the
modulus of the specimen material to be obtained from a measurement of the
’sti↵ness’ of the contact, that is, the rate of change of load and depth.
The indenter tip is conventionally made of diamond, formed into a sharp, sym-
metric shape such as the three-sided Berkovich pyramid. The pyramidal shape is
chosen at least in part for its nominal geometric self-similarity, which makes for
relatively simpler analysis using the methods of continuum mechanics. However,
because of the very fine scale of nanoindentation testing, imperfections in the
pyramidal tip shape are of paramount importance in such analysis, and much
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e↵ort has been focused upon methods of characterizing and cataloging tip shapes
for more exact quantitative measurements [220][221][222][223]. A record of values
of load vs. displacement can be plotted on a graph to create a curve shown in
Figure A.8. Measurement of the Young’s modulus follows from its relationship to




















The e↵ective elastic modulus takes into account the fact that elastic displacements
occur in both the specimen, with Young’s modulus E and Poisson’s ratio v,
and the indenter, with elastic constants Eiand vi. The dimensionless geometrical
constant   is taken as unity and is used to account for deviations in sti↵ness
caused by the lack of axial symmetry for pyramidal indenters [224].
A.2.4 X-Ray Fluorescence
X-Ray Fluorescence (XRF) spectroscopy is a powerful, versatile and non-destructive
technique for the analysis and characterization of materials. It distinguishes di↵er-
ent elements present in a sample according to their characteristic X-ray emission
energies. A simple schematic representation is shown in Figure A.9. A stable
Figure A.9: Schematic representation of x-ray fluorescence
atom comprises a nucleus and a set of filled electrons orbiting it. Each filled
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orbital is made up of two electrons electrons with the same energy and opposite
spin. When a high energy incident (primary) X-ray collides with an atom, an
electron is ejected from a filled orbital, creating a hole. As a result an electron
from a higher energy level falls into this hole, emitting the energy as fluorescent
or secondary X-ray and the amount of emission determines the proportion of the
material, which are characteristic of the element.
XRF is widely used in analysing coating thickness of metals and metal alloys to
quality control in the electronics and consumer goods industry [225]. Plated NiFe
composition and film thickness were obtained using an XRF in this study.
A.2.5 Magnetic Properties
Figure A.10: B-H looper block diagram
A B-H looper (BHL) measures the hysteresis loop (Flux Density B versus Field
Intensity H) of a thin magnetic film sample by applying a field to the sample
and measuring the magnetic field produced by the sample’s magnetization. A
schematic of a simple B-H looper is shown in Figure A.10. Two Helmholtz coils
create a constant magnetic field whose value is controlled by the amount of current
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running in the coil wires. The sample is loaded and magnetised in the centre of
the field. The magnetisation of the sample is picked up by the sense coil. The
signals are acquired, amplified and filtered using the electronics and a hysteresis
plot is obtained.
A schematic of a typical hysteresis loop for a ferromagnet is shown in Figure
A.11. When initially deposited, the net magnetic moment for thin magnetic films
is usually zero. On application of a field the magnetisation then increases until
saturation, H0, is reached following the dotted line to point ’a’. This initial part
of the hysteresis loop can only be reproduced if the ferromagnet is demagnetised.
On reducing the applied field to zero the magnetisation then reduces to a value
Mr (point ’b’), known as the remanence. As the field is increased in the opposite
direction the magnetisation goes to zero when H = Hc (point ’f’), known as the
coercivity. Hysteresis loops for ferromagnets (Iron, Nickel-Iron etc.) are typically
symmetric and centred about zero. For ferromagnetic materials the coercivity is
Figure A.11: Schematic of magnetic hysteresis loop [12]
the intensity of the applied magnetic field required to reduce the magnetization
of that material to zero after the magnetization of the sample has been driven to
saturation [226]. These properties govern the performance of magnetic devices like
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micro-inductors and micro-switches and hysteresis loops were used extensively to
study them.
A.2.6 UV-Vis Spectrometry
Ultraviolet-visible (UV-Vis) absorption spectrometry is the measurement of the
attenuation of a beam of light on passing through a sample. Absorption mea-
surements can be at a single wavelength or over an extended spectral range.
Ultraviolet and visible light are energetic enough to promote outer electrons to
higher energy levels, and UV-Vis spectroscopy is usually applied to molecules or
inorganic complexes in solution. The UV-Vis spectra have broad features that
are of limited use for sample identification but are very useful for quantitative
measurement.
When electromagnetic radiation is absorbed by a solute molecule the intensities of






where c is the concentration and x is the pathlength of radiation through the
solution. The constant ✏ is the extinction coe cient. If c is measured in moldm 3
and x in cm, then ✏ is known as the molar absorption coe cient and is the value of
the absorbance A for a 1 M solution when the light pathlength is 1 cm [227]. Since
the absorbance is a dimensionless quantity it follows that the molar absorption
coe cient has the units dm3mol 1cm 1. The molar absorption coe cient varies
with the wavelength of the light and is characteristic of the absorbing species. This
law simply states that absorbance is directly proportional to the concentration of
analyte in the sample.
This study will include the development of this method to produce a robust and
quick method to monitor the depletion of nickel(II)chloride and iron(II)chloride





Deposition tool: Surface Technology Systems (STS) Multiplex PECVD
Recipe name: ”HFSIO”
Target deposition rate: 500 Åmin 1
A sequencer was used to run a batch of 2 wafers using the same parameters.




Pump down time 0
Gas stabilisation time 10s
Process time 15 min








Paten temperature tolerance 25 C
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B.2 Seed layers Ti-Cu-Ti sputter deposition
Sputter tool: Oxford Instruments Plasmalab System 400
Table B.3: Seed layer deposition
Process Steps and Parameters
Argon Mill
Process time 10min
Chamber pressure 7.5e-9 Torr
Ar Pressure 25 sccm
RF bottom electrode power 0.4 kW
Sputter Pre-clean
Process time 1 min
Chamber pressure 7.5e-9 Torr
Ar Pressure 50 sccm
Magnetron power 1 kW
Target Magnetron ID Ti
Titanium Deposition
Target thickness 30 nm
Process time 10 min
Chamber pressure 7.5e-9 Torr
Ar Pressure 50 sccm
Magnetron power 1 kW
Target Magnetron ID Ti
Sputter Pre-clean
same as step 2
Target Magnetron ID Cu
Copper Deposition
Target thickness 300 nm
Process time 30 min
Chamber pressure 7.5e-9 Torr
Ar Pressure 50 sccm
Magnetron power 1 kW
Target Magnetron ID Cu
Titanium Deposition
Target thickness 30 nm
Process time 10 min
Chamber pressure 7.5e-9 Torr
Ar Pressure 50 sccm
Magnetron power 1 kW
Target Magnetron ID Ti
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B.3 NiFe bath analysis
B.3.1 Ni2+ and Fe2+
Rigorous chemical bath analysis is crucial in electrochemistry especially when the
charge carriers are depleting with time, either due to reduction while plating or
oxidation/corrosion within the solution. The most common substance to corrode
in the acidic baths is Fe2+.
The NiFe plating baths are usually termed as unusual or anomalous type [89].
According to Brenner’s definition the iron group metals (Fe,Co,Ni) the less noble
metal gets deposited preferentially and the percentage is higher and not propor-
tional to its composition in the electrolyte [229].
It is rather essential to measure the composition of electrically active species in the
electrolyte using a method which would give precise and quick results. Titration
is one of the methods used to accurately calculate the concentrations of di↵erent
species in an electrolytic bath [230]. It requires a lot of time and e↵ort to setup
and perform the tedious experiment. With the fact that nickel and iron forms
di↵erent coloured complexes in water (Ni2+:bluish-green, Fe2+: yellow), meant a
UV/Vis analysis could be performed.
The aim of this study was to propose a simple and rapid colorimetric method
using UV/Vis (theory discussed in appendix A.2.6) to quantitatively determine
the amounts of [Ni2+] and [Fe2+] in a standard electrochemical chloride bath
of pH 3. The wavelength of maximum absorbance was calculated along with
di↵erent volumes and ratios of both nickel and iron complexes. SSA (sulfosalicylic
acid C7H6O3) was used as an indicator (complexing agent) for the detection of
Fe3+ (Fe-SSA complex) in acidic medium [231]. The iron(III)-SSA complexes are
well known and their properties including thermodynamic stabilities and spectral
properties have been exploited for a long time [232]. The complex forms a purple
colour which will form as the basis for the colorimetric determination of oxidised
Fe3+ species in the nickel-iron bath. The complexing reaction [230], [233] can be
B.3. NiFe bath analysis 209
represented as:
Figure B.1: Fe-SSA complex
B.3.2 UV-Vis of nickel(II)chloride
Table B.4: Bath samples prepared for Ni/Fe UV-Vis analysis (g/l)
Species A (bu↵er) B (nickel) C (nickel+iron)
NiCl2.6H2O (s) - 0-250 50
FeCl2.4H2O (s) - - 0-11
Boric Acid (s) 25 25 25
Na Saccharin (s) 1.0 1.0 1.0
Na dodecyl sulphate (s) 0.1 0.1 0.1
NaCl (s) 5.0 5.0 5.0
5-SSA (s) 1.0
H2O2 (aq) 2.0 M
Temperature ( C) 24 ± 1
pH 2.6 ± 0.2
As the bath contained both nickel and iron ions at di↵erent concentrations,
it is essential to distinguish between the nickel and iron peaks. The UV-Vis
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spectrometer is firstly calibrated by running a background scan of the aqueous
bu↵er which contained the species, the standard concentrations of which are
summarised in Table B.4.
The solutions were stirred at 25 C for 1 hour until all the solids were completely
Figure B.2: Compiled UV-Vis spectrums of bath samples containing di↵erent
concentrations of nickel(II)chloride in bu↵er (Sample set ’B’)
dissolved. The pH of this bu↵er, sample ’A’, was adjusted to 2.8 by adding a few
drops of 1% HCl. The same bu↵er was used to make up 25 samples with varying
NiCl2 concentrations (0 - 250 g/l) - sample ’B’.
Each of these samples were scanned for ’absorbance’ (ABS) in the wavelength
range (300 - 850 nm), shown in Figure B.2. No peaks were observed for the bu↵er
sample ’A’ as expected while prominent charge transfer bands were obtained
for sample ’B’ at 375, 640 and 720 nm. The first peak seemed to saturate at
concentrations of 220 g/l. Absorbance readings at 720nm increased with the
nickel concentration and a linear regression here was applied to draw (ABS vs.
Concentration) with data extracted from the peaks of the maximum sensitivity
curve (720 nm), following the Beer Lambert equation explained in Chapter A.2.6.
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Figure B.3: Calibration curve extracted from di↵erent concentrations of nickel
(II) chloride UV-Vis peak maximas at wavelength 720nm (Sample ’B’)
The plot is shown in Figure B.3. This formulation was scrutinised against a known
concentration (50, 150 and 200 g/l) of nickel chloride solution (marked in red)
showing an accuracy of ±3%.
Figure B.4: UV-Vis spectrums of Iron(II)chloride in bu↵er
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Bu↵er sample ’A’ was used again to prepare solution samples with FeCl2.4H2O.
The full spectrum’s shifted upwards with the increment of iron in the solution,
however no prominent peak were observed, as shown in Figure B.4. Nickel(II)chloride
(50 g/l) was introduced and the iron composition varied from 0 to 5 g/l but no
additional peaks appeared as the nickel complex with water dominated the colour
of the solution.
Figure B.5: UV-Vis spectrums of Sample ’C’ containing nickel+iron+bu↵er+5-
SSA. Peak height at 500nm changed with the iron composition
To measure the concentration of iron in the solution using 5-SSA all the Fe2+
had to be oxidised to Fe3+ which was achieved by adding hydrogen peroxide
(2M). The addition of 5-SSA (reagent grade from Aldrich), formed a purple
complex with Fe3+ in acidic media. Using this complexing agent for sample
(C) showed clear charge transfer peaks at 500 nm increasing with the Fe-SSA
complex concentration in the solution. A calibration curve was plotted which is
shown below which was also tested to show the accuracy of ± 3% (Figure B.6).
Nickel peaks for 50 g/l concentration was also observed in the same curve but a
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broadening e↵ect was visible which was eliminated by subtraction to determine
Ni2+ from the same curve.
Figure B.6: Calibration curve extracted from di↵erent concentrations of Iron
(II) chloride UV-Vis peak maximas at wavelength 500nm (Sample ’C’)
This colorimetric method proved to be useful for periodic bath maintenance and
quality checks which were carried out throughout the experiments.
B.4 Copper bath analysis
The copper baths used in this study contained the following species which were
analysed using the methods described below:
1. CuSO4 (aq)
2. H2SO4(aq)
3. Dow Intervia 8540 A (additive)
4. Dow Intervia 8540 C (carrier)
Here, 1 and 2 are measured using volumetric technique, while 3 and 4 using cyclic
voltammetry.
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B.4.1 Analysis of Cu2+
Prerequisite:
Prepare starch solution by dissolve 10 ± 0.5 g of starch in boiling water and add
4 ± 0.5 mL of formalin. Top up with DI water to a total volume of 1 L.
• Pipette 10 mL sample of the Cu plating solution into 250 mL Erlen- meyer
flask and add 100 ± 5 mL of DI water.
• Add 20 ± 2 mL of sulphuric acid (96%) and 5 ± 0.5 g of potassium iodide.
• Add 2 ± 0.5 mL of starch solution and titrate with 0.1M sodium thiosul-
phate.
• Titrate drop wise upon reaching end point. The solution changes to milky
end point that persists for at least 30 s.
• Record the volume of 0.1M sodium thiosulphate solution used.
[Cu2+] / (gL 1) = Titrate volume (mL) ⇥ 2.5
B.4.2 Analysis of H2SO4
• Pipette 2 mL sample of the Cu plating solution into 250 mL Erlenmeyer
flask and add 100 ± 5 mL of DI water.
• Add 3-5 drops of methyl orange indicator and titrate with 1M sodium
hydroxide solution.
• Titrate drop wise upon reaching end point. The solution changes to green
end point that persists for at least 30 s.
• Record the volume of 1 M sodium hydroxide solution used.
[H2SO4] / (g L 1) = Titrate volume (mL) ⇥ 24.52.
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B.4.3 Analysis of Intervia 8540A and 8540C
Equipment: TITRAPLATE®CP (CVS)
Potentiostat Software: Voltmaster
A special automated cyclic voltammetry system (TITRAPLATE) was used to
monitor the levels of additive and carrier. This system was expressly developed
by Micropulse Plating Concepts to allow routine maintenance operations on
copper electroplating solutions. The tool uses a standard potentiostat with three
electrodes (working, reference and auxiliary) immersed in the solution under test
and runs cyclic voltage scans while measuring the conducted current. The system
Figure B.7: Titraplate CP (CVS) used for Copper additive/carrier analysis
includes a Hamilton syringe module that allows precise volumes to be dispensed.
The potentiostat and the syringe module are controlled via a single computer in-
terface which allows to write automated running sequences. Standard Solution:




Standard Additive and Carrier Solution
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5ml/l Intervia 8540 Carrier and 5 ml/l Intervia CU 8540 Additive in VMS (In
100 ml volumetric flask)
Electrode Conditioning
Fill plastic container with DI and run a conditioning recipe (50cycles at the
beginning / end of the day, 20 cycles in between measurements).
B.4.3.1 Intervia 8540C (Carrier) analysis
1. Ensure the electrodes are conditioned (run 50 cycles or 20 cycles in DI, then a
quick conditioning with VMS)
2. Prime the right tubes as described above with sample from the bath on the
inlet.
3. Prepare a 100 ml pure VMS sample for the calibration.
4. Place the 100 ml pure VMS sample on holder and fit it with the column lever.
5. Once the syringe tubes are filled with calibration sample (after priming), remove
the outlet from the syringe waste container, and place it in the hole above the
burette, just above the 100 ml VMS sample.
6. Run a Carrier analysis recipe. Only push double arrow button when requested.
No further manual input should be required.
7. As soon as the first cycle’s results appear on screen, quickly click on the data
tab and note down the ratio parameter. This is an indication of how well the
measurement fits with the calibration curve stored. This value should fall in the
0.8 to 1.2 range, otherwise re-calibration is needed.
8. Note down the measured concentration as it appears in the software (Figure
B.8).
9. Run 20 or 50 cycles conditioning in DI to clean the electrodes
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Figure B.8: Sample concentration curve showing the bath concentration of
carrier
B.4.3.2 Intervia 8540A (Additive) analysis
1. Ensure the electrodes are conditioned (run 50 cycles or 20 cycles in DI, then a
quick conditioning with VMS)
2. Prepare an 85 ml VMS + 5 ml GLEAM PPR CARRIER solution (90 ml in
total).
3. Place the solution on holder and fit it with the column lever.
4. Run an Additive analysis recipe. Only push double arrow button when re-
quested. The first cycle is done on the 90 ml sample. Then a 10 ml bath sample
addition is required. Do that through hole on the top of the burette.
5. Remove the left outlet tube (Additive) from the syringe waste container and
place it in the hole above the burette, just above the prepared sample.
6. No further input is requested.
7. Note down the measured concentration and fill the log spreadsheet.
8. Run 20 or 50 cycles conditioning in DI to clean the electrodes
Appendix C
Matlab and Labview VIs for
Strain Measurements
C.1 Electrical Measurements
Agilent HP 4062UX Semiconductor Process Control System connected to the
SUSS Semi-automatic prober, was configured with the following instruments
(GPIB::PortAddress):
1. HP 4084B - Switching Matrix Controller (GPIB::22)
2. HP 4142B - Source / Monitor Unit (GPIB::23)
3. HP 3457A - Multimeter (used for precise voltage measurements) (GPIB::12)
4. SUSS PA200 Semi-automatic Prober (GPIB::01)
The GPIB addresses can be changed but are provided as references to these have
been used in Labview code instead of the device name.
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C.1.1 Device Initialisation
Figure C.1: Labview code: Device initialisation Vi of matrix controller and SMU
for electrical measurements
C.1.2 Matrix Controller Pin Status
Figure C.2: Labview code: Matrix Controller Pin Status
C.1.3 Sheet Resistance




















































































































































Figure C.3: Front end of vi used for stand-alone greek cross resistance
measurements. Same vi is also used for full wafer measurement



























































































C.3. Matlab Code for plotting Wafer Maps 224
C.2 Bridge Resistance Routines
C.3 Matlab Code for plotting Wafer Maps
C.3.1 Copper Self Annealing Calculate Transition Periods
close all;
clc;
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moduleKelvin(j,counter+1)=file(i,greekc); %Greek sheet resistance
moduleKelvin(j,counter)=(file(i,timec) file(1,timec))/(3600000);








































C.3.2 Kelvin/GreekCross Resistance Data Plotting
clear all;
clc;





























% CDATA1: image cdata











'Position',[0.13 0.108046875 0.701791652020735 0.815],...
'Layer','top',...
'CLim',[rangel rangeh]);
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% Uncomment the following line to preserve the X limits of the axes
% xlim(axes1,[0.5 12.5]);













colorbar('peer',axes1,'ZColor',[1 1 1],'XColor',[1 1 1],'FontSize',20);
% Resize the axes in order to prevent it from shrinking.
set(axes1,'Position',[0.13 0.108046875 0.701791652020735 0.815]);
saveas(figure1,filename,'jpg');
%close all;
C.3.4 XRF Data Extraction and Mapping
clear all;
clc;
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[207] Sébastien Lagrange, SH Brongersma, Moshe Judelewicz, Annelies Saerens,
Iwan Vervoort, Emmanuel Richard, Roger Palmans, and Karen Maex. Self-
annealing characterization of electroplated copper films. Microelectronic
Engineering, 50(1):449–457, 2000.
[208] JME Harper, C Cabral Jr, PC Andricacos, L Gignac, IC Noyan, KP Rod-
bell, and CK Hu. Mechanisms for microstructure evolution in electroplated
copper thin films near room temperature. Journal of Applied Physics,
86(5):2516–2525, 1999.
REFERENCES 252
[209] Masayuki Yokoi, Saburo Konishi, and Tadao Hayashi. Adsorption behavior
of polyoxyethyleneglycole on the copper surface in an acid copper sulfate
bath. Denki Kagaku oyobi Kogyo Butsuri Kagaku, 52(4):218–223, 1984.
[210] E. Conradie and D. Moore. Su-8 thick photoresist processing as a functional
material for mems applications,. J. Micromech. Microeng, 12(4):368–374,
2002.
[211] L. Yu, F. E. H. Tay, G. Xu, B. Chen, M. Avram, , and C. Iliescu. Adhesive
bonding with SU-8 at wafer level for microfluidic devices. J. Phys. Conf.
Ser, 34(1):776–781, 2006.
[212] C. Kourouklis, T. Kohlmeier, and H. H. Gatzen. The application of
chemical–mechanical polishing for planarizing an SU-8/permalloy combi-
nation used in MEMS devices. Sensors Actuators: A. Phys, 106(263–266),
2003.
[213] R. Feng and R. J. Farris. Influence of processing conditions on the
thermal and mechanical properties of SU8 negative photoresist coatings.
J. Micromech. Microeng, 13(1):80–88, 2003.
[214] S. Bystrova, R. Luttge, , and A. van den Berg. Study of crack formation




[215] W. Dai, K. Lian, and W. Wang. A quantitative study on the adhesion
property of cured SU-8 on various metallic surfaces. Microsyst. Tech- nol,
11(7):526–534, 2005.
[216] Anthony J Walton and Stewart Smith. A review of test structures for
characterising microelectronic and mems technology. Advances in Science
and Technology, 54:356–365, 2009.
[217] Allen J Bard and Larry R Faulkner. Fundamentals and applications.
Electrochemical Methods, 2, 1980.
REFERENCES 253
[218] Vitaly V Pavlishchuk and Anthony W Addison. Conversion constants
for redox potentials measured versus di↵erent reference electrodes in
acetonitrile solutions at 25  C. Inorganica Chimica Acta, 298(1):97 – 102,
2000.
[219] B. Poon, D. Rittel, and G. Ravichandran. An analysis of nanoindentation
in linearly elastic solids. International Journal of Solids and Structures,
45(24):6018 – 6033, 2008.
[220] Jeremy Thurn and Robert F Cook. Simplified area function for sharp
indenter tips in depth-sensing indentation. Journal of Materials Research,
17(5):1143–1146, 2002.
[221] Mark R VanLandingham, TF Juliano, and MJ Hagon. Measuring tip shape
for instrumented indentation using atomic force microscopy. Measurement
Science and Technology, 16(11):2173, 2005.
[222] KW McElhaney, JJ Vlassak, and WD Nix. Determination of indenter
tip geometry and indentation contact area for depth-sensing indentation
experiments. Journal of Materials Research, 13(5):1300–1306, 1998.
[223] Christopher A Schuh. Nanoindentation studies of materials. Materials
Today, 9(5):32–40, 2006.
[224] W.C. Oliver and G.M. Pharr. Measurement of hardness and elastic modulus
by instrumented indentation: Advances in understanding and refinements
to methodology. Journal of Materials Research, 19:3–20, 1 2004.
[225] Masayuki Uda et al. Energy dispersion type X-ray di↵raction/spectral
device, April 1 2008. US Patent 7,352,845.
[226] Bernard Dennis Cullity and Chad D Graham. Introduction to magnetic
materials. Wiley. com, 2011.
REFERENCES 254
[227] Keiichiro Fuwa and BL Valle. The physical basis of analytical atomic
absorption spectrometry. the pertinence of the beer-lambert law. Analytical
Chemistry, 35(8):942–946, 1963.
[228] Hiroko Wada, Osamu Nakazawa, and Hajime Takada. Evaluation of PAC,
TAC, 2-IAC as Metallochromic Indicators in the EDTA Titrations of Nickel.
Bulletin of the Chemical Society of Japan, 50(8):2101–2103, 1977.
[229] Chi-Chang Hu. The inhibition of anomalous codeposition of iron-nickel
deposits using pulse-reverse electroplating. In Magnetic materials, pro-
cesses, and devices VII and electrodeposition of alloys: proceedings of the
international symposia, volume 2002, page 398. Electrochemical Society,
2003.
[230] DG Karamanev, LN Nikolov, and V Mamatarkova. Rapid simultaneous
quantitative determination of ferric and ferrous ions in drainage waters and
similar solutions. Minerals Engineering, 15(5):341–346, 2002.
[231] DD Perrin. Stability of metal complexes with salicylic acid and related
substances. Nature, 182:741–742, 1958.
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